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Esta tesis describe el procedimiento de montaje y calibracion de un sistema de
medicion para la caracterizacion de dispositivos activos diferenciales en el dominio del
tiempo y en el dominio de la frecuencia a altas frecuencias de trabajo (GHz). El setup de tal
sistema se muestra en la figura 6.1. Los instrumentos de medicion utilizados son: un VNA
para las mediciones de las ondas de potencia incidentes y reflejadas en el DDUT, un power
meter para la medida de potencia durante la calibracién de potencia y un MTA para la
medicion de fase durante la calibracion de fase. Adicionalmente el setup de la figura 6.1
permite la variacion de los coeficientes de reflexion de entrada y salida del DDUT, para el
modo comun y para el modo diferencial a distintos armoénicos (kfy). Esta ultima
caracteristica es conocida como Load-Pull y Source-Pull para dispositivos diferenciales.

Una vez montado y calibrado el sistema de medicion, ha sido usado en la
caracterizacion de dos amplificadores diferenciales trabajando a wuna frecuencia
fundamental (fo) igual a 2GHz. Las formas de onda en el dominio del tiempo fueron
medidas hasta el quito arménico (5fp=10GHz). Las formas de onda obtenidas, corresponden
a la tension y corriente en la salida del dispositivo en modo comun y en modo diferencial.
Adicionalmente en ambos dispositivos se realizaron mapas de load y source pull, para el
modo comun y para el modo diferencial a distintos armonicos (kfy). Estas mapas permiten
la optimizacion del performance del dispositivo trabajando en no linealidad, actuando en
manera independiente, sea en el modo comudn sea en el modo diferencial. Finalmente,
fueron obtenidas las curvas de ganancia operativa (Gpafo) VY la potencia de cada armonico
en modo comdn y en modo diferencial (Poutmakio) respecto a un sweep en la potencia
diferencial de entrada (Ping@to)-
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Introduction. Chapter I

1.1) INTRODUCTION

Ruthless competition in the handset market continues to drive manufacturers to
search for new opportunities to drive down cost, printed circuit board (PCB) area and
power consumption. Simultaneously, the rollout of third-generation (3G) networks has
opened the door to a variety of new multimedia and data-based applications, from wireless

Internet access and mobile video to text messaging and mobile TV.

As demand for new applications rises and the market becomes more globalized,
handset makers face a quandary. How can they support the increasing number of frequency
bands to support global platforms and the multiple high-bandwidth technologies needed to
deliver these revenue-enhancing services without violating the market’s cost, footprint and
power constraints? The number of frequencies supported by the latest 3G partnership
program (3GPP) standard has increased from three to 10 and will continue to expand. The
current frequency bands and their associated bandwidths are shown in Figure 1.1.
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Figure 1.1 3GPP GSM/EDGE and WCDMA frequency bands.

One thing seems clear; to succeed, handset designers need to deliver multiband,
multimode capability. At the same time, network operators are continuing to roll out 3G
wideband CDMA (WCDMA) networks. Based on the universal mobile telecommunications

system (UMTS) network topology, this technology is rapidly becoming the leading global
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mobile-broadband solution. Industry analysts predict WCDMA and EDGE will represent
the two fastest-growing segments of the handset market over the next few years. To meet
demand for IP-based services, a growing number of UMTS operators worldwide are
deploying high-speed downlink packet access (HSDPA) capability. High-speed uplink
packet access (HSUPA) is ready to follow in the near future. Figure 1.2 offers an overview

of each cellular standard and associated up and downlink data rate.

EDGE Evolution

WCDMA HSPDA HSPA | UTRAN LTE

'EVDO EVDO EVDO
EVDO jRevA RevB Rev(C?)

2G Digital 2.5G 3G Evolution- Broadband
DL 4 kbps 200 kbps 400 kbps 15 Mbps 100 Mbps
UL 4 kbps 200 kbps 400 kbps 5 Mbps 50 Mbps

Figure 1.2 Cellular standards evolution.

In other words, the full integation of RF subsystem, demands multiband, multimode
and multiple wireless standards such as: Global System Mobil (GSM), General Packet
Radio Service (GPRS), Enhanced Data rate for GSM Evolution (EDGE), Wideband Code
Division Multiple Access (WCDMA), High-Speed Downlink Packet Access (HSDPA),
must be on the same System-on-Chip (SoCs) making an efficient and cost-effective
multimode solution essential (see figure 1.3). Solutions that were acceptable for single- or
dual-band applications may not be acceptable for triple- and quad-band service where
external component cost and size become unacceptable. Transceiver designers must be
increasingly forward-looking in anticipation of these factors, while at the same time employ
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measured restraint so that present customer demands are well served in the near-term. The
RF transceiver is a key ingredient of any multimode solution. Its design presents several
challenges that are magnified when distinctly different wireless standards such as GSM and

WCDMA must both be hosted.

Figure 1.3 Innovative single-chip CMOS RF transceiver that incorporates a complete multiband
HSDPA/WCDMA and quad-band GSM/EDGE radio subsystem with receive diversity for multimode wireless

applications.

At this high integration level microwave designers struggle with problems such as:

On the receiver side:
-For GSM-EDGE the receiver architecture requires IP2 performance on the order of

50 dBm or more when referred to the antenna input.
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-CMOS designs must also contend with fairly severe 1/f noise in the sensitive 1Q
gain stages that immediately follow the down conversion mixer. Detailed 1/f noise

parameters depend significantly on oxide thickness and channel length.

-One of the major problems facing WCDMA receiver design pertains to transmitter
leakage that falls through the duplexer filtering into the LNA input. This leakage adversely

Impacts attaining receiver IP2 and IP3 requirements.
On the transmitter side:

-If the frequency synthesizer will operate on-frequency, relative to the PA output
this demands serious attention to oscillator pushing and pulling, and signal dynamic range
can also be quite challenging particularly for WCDMA mode.

- If the frequency synthesizer operates on-frequency, relative to the PA output
oscillator, re-modulation due to the PA is a particularly serious issue for on-frequency
GSM-EDGE designs because a major portion of the modulation spectrum can fall within
the frequency synthesizer’s closed-loop bandwidth. Since the PA contributions coherently
add with the oscillator’s own sinusoidal waveform, the net phase error as seen by the phase-

locked loop (PLL) cannot be nulled and near-chaotic behavior can result.

- If the frequency synthesizer will not operate on-frequency relative to the PA
output, still because of noise considerations, dividers must use a minimum number of active

devices in circuit structures.

- Power efficiency is also a challenge. The output power amplification stage
consumes a large percentage of the battery capacity in any wireless device. Unlike the
power amplifiers (PAs) in GSM-EDGE handsets, which are used in saturated mode, PAs in
WCDMA systems operate in linear mode.

-The bandwidth and dynamic range specifications of GSM-EDGE transmitters are
less than the demands imposed by WCDMA waveforms.
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The latter is a key concept to manage integrated polar modulation based GSM-
EDGE-WCDMA solutions in the same signal path as shown in figure 1.4. A single,
common transmit path could maximize on-chip circuit re-use, reduce system costs, save
PCB area and simplify the design of the handset’s front-end. Moreover, since linear PAs
consume a large proportion of the battery capacity in handsets, a single transmit path
capable of using non-linear power amplifiers (PAs) could dramatically reduce power

consumption and extend handset battery life.

ot
BESS 3

Multi-mode PA

I/Qto
Polar & DigRF

LR LR YR 1

:

Figure 1.4 Next-generation polar WEDGE solution.

It seems evident that the answer to these constrains is the differential configurations.
At present the major building blocks in a highly integrated Tx and Rx paths such as :
Power Amplifier (PA), modulator (MOD), power detector (PD), automatic gain control
circuit (AGC), voltage-controlled oscillator (VCO), dividers , etc, are built by using
differential structures, because their intrinsic nature solves the above constrains
automatically. The differential structures also reject the signal coupling due to the highly
conductive substrate which allows to integrate high-power blocks with low —power blocks
on the same chip as shown in figure 1.5. However, there are strong reasons why the

introduction of differential circuits to replace single-ended circuits has been a slow process:
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-Double the circuitry versus a single-ended circuit design.
-Twice the current and power consumption.
-Difficult to design and analyze.

-Not easily characterized in both frequency and time domains.
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(b)
Figure 1.5 EM260 from Ember is a ZigBee Network Co-Processor that combines a 2.4GHz IEEE 802.15.4

compliant radio transceiver with a flash-based microprocessor, as example of differential structures benefits.

a) Block diagram b) Circuit Diagram



Introduction. Chapter I

In this thesis work, will be analyzed time domain techniques in order to measure
incident and reflected single-ended power waves (their amplitude |.| and their phases /) at
different harmonics of interest in a multiport DUT, underlining special interest in
differential power amplifiers characterization, working in a nonlinear region of operation at
microwave frequencies, which requires a special class of test bench setup. The
characterization level includes both frequency and time domains and additionally the
variation of harmonics mixed mode loads to see how their variations influence the
harmonic mixed mode design specifications of differential power amplifiers. Chapter Il
defines some nonlinear mixed-mode specifications of a differential power amplifier, at the
beginning of Chapter Ill there is an explanation about the error models used at RF
frequencies in order to correct measurement data, then the first among the three calibration
procedures required is described (S-parameter calibration). Chapter IV continues describing
the power and phase calibration procedures. In chapter V the hardware implementation of
nonlinear differential power amplifier characterization used in this thesis work is described.
Chapter VI shows the RF measurement results obtained by testing two commercially

differential power amplifiers. Finally, some conclusions summarizing this thesis work.
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2.1) DIFFERENTIAL CIRCUITS

In microwave frequencies a differential circuit consists of a pair of coupled
transmission lines on the input and output which provide physical access points to the
differential device under test (DDUT) and allow the propagation of two TEM modes (see
figure 2.1).

I 1

Single-ended i ! ! | Y i Single-ended
Port 1 ‘ ‘ ° —‘ ‘ < +3.‘ Port 3
o YV ViV, | da
! o 7/61’7/01] Ve2: 702 3 ‘
| ‘ Zel’ZoL Lo Zez’zoz | |
Single-ended | + . ; ! ; ! | + 1 Single-ended
Port2 | V_2 | 5 i ‘ | 4 V_4 ! Port4
3 - Coupled 3
! Lines !

Mixed-Mode Mixed-Mode
Port 1 Port 2

Figure 2.1 Schematic of RF differential two-port network

These two modes are the differential and common mode. The differential mode is
defined by means of a signal that propagates between the lines of the access point coupled-
pairs at the input and output, these signals are known as differential signals which are

described by the difference of voltages and currents at input and output ports as follows:

Vdg(x) =V = Vi1 (2.1)
2

Fori=1,3

10
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On the other hand, the existence of an additional global reference conductor or
ground plane allows the common mode propagation, which produces equal signals in
respect to ground to each conductor of the access point coupled-pairs at the input and
output. This propagation mode is defined by the sum of voltages and currents at input and

output as follows:

v () = =5 (23)

() =0 + i (2.4)

2

Fori=1,3

This way the definition of differential and common modes springs from the
necessity of being consistent with the differential power delivered to a differential load and
to define the orthonormal mixed-mode S-parameter basis vectors so that the matrix
transformation between standard S-parameters and mixed mode S-parameters is unitary [1].

In others words, in order to obtain:

common mode % + Pdifferential mode # = Pi + Pi"'l (2'5)
Fori=1,3
§mm — M§Std M_l (26)
MM'=1

1 -1 0 O

Mo Llo 0 1 -1

= 2 1 1 0 0

0 O 1 1

11
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i+1: stands for the active power into the common mode at the 2 th

common mode - 2

input or output mixed mode port.

i+1. Stands for the active power into the differential mode at the

dif ferential mode -

%—th input or output mixed mode port.

Px: stands for the power at the x-th single-ended access terminal (at the input or at

the output) .

The simultaneous propagation of both differential mode and common mode through
the access point coupled transmission lines is referred as mixed mode propagation from

which mixed mode S-parameters (S™™) are defined.

When the access points coupled pairs are assumed symmetric, the characteristic
impedances of each mode of propagation is defined as the ratio of the voltage to current of
the appropriate modes at any point, x, along the line. These impedances can be expressed in
terms of the even- and odd-mode (ground referenced) characteristic impedances (Zoqg-i and

Zeven-i):

Zai = 2Zyqq - (2.7)

Zeven =i
Zy = e (2.8)

Fori=1,2
This is, because each single-ended voltage and current used into the above

differential- and common -mode voltages definitions consists of four propagating modes all

referring to ground which are known as odd-mode and even-mode (ground referred).

12
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In this way, both common-mode and differential-mode of propagation are defined

by means of voltages (v i+1; v _i+1) , currents (i i+1;i i+1) and characteristic impedances
2 2 2 2

(Z4i +Z.; ), which also allow to define their normalized power waves at each mixed mode

port (1 and 2 in figure 2.1) as follows:

_ VmitimiZm

Ani = 2/RelZ.] (29)

Vi —imi Zm
bni =5 =y (2.10)

For m=c,d and i=1,2

One has to take into account that the normalized power waves are defined for the
coupled pair placed outside of the DDUT at its input and output, in other words, it is a
model made for the modeling of coupled transmission lines. In the particular case when the
DDUT is a linear time invariant system (LTI), one can relate the DDUT behavior by using
the incident and reflected power waves of each propagating mode through the well known

mixed mode S-parameter matrix defined as follows (see figure 2.2):

bg1 aqq
bd 2 — §DD §DC ago (2 11)
bc1 Sep Scc| | Get '

bld /. Sdd12 T axd
VN /

Sdd21”

Figure 2.2 Signal flow diagram of mixed-mode two-port linear network.

13



Differential Circuits. Chapter Il

The mixed mode S-parameters are a powerful design tool even if the DDUT will
work in nonlinear mode of operation. This is because differential devices are built to
balance as soon as possible. Balanced differential devices by definition have no-mode

conversion, it means:

S11 = Sy N S33 = Sy4 (Matching condition)
yields ) S1, = Sp1 N S34 = Su3 (Matching isolation condition)
S31 = Sa3 N S13 = Sy (gains condition)
S32 = Sp3 N Sy = Sq4 (cross terms condition)

I
a
Il

11%)
a
o
Il

1[=}

(2.12)

Particularly balanced differential active devices, offer important benefices such as [2]:
-Improved noise isolation.

-Increased dynamic range for a given supply voltage (3dB).

-Reduced even-order harmonic and intermodulation distortion terms (2nfyand 2f;+f,
or 2f,-fy).

-3dB odd-order harmonic distortion improvement in respect to single-ended
((2n+1)fp).

-Common mode rejection.

On the other hand, when the DDUT is not a linear system the reflected normalized
power waves and the incident normalized power waves of each propagating mode can be

related by means of a nonlinear vector function defined as (see figure 2.3):

ba1 Qa1

b a

bji = fnonlinear a(jf (213)
bcz %)

This means, in both propagating modes each reflected power wave at a given

frequency is a mathematical function of the incident power waves at different frequencies.

14
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In this case, one can look at the DDUT’s electrical behavior by measuring directly or
indirectly the incident and reflected power waves of each propagating mode at given
frequency of interest (fo,2fo,etc), which are related to the single-ended normalized power

waves through a linear transformation as:

aqq a,
Aaz | _ a;
an | T4\ a (2.14)
aco Qy
bg1 by
bg> b,
=M 2.15
l)C], p— l)3 ( )
ch b4

azd Mo 4321 |

< ‘

o 4

NonLinear
DDUT

>
b2d 1234 o

az2c o 43 21

=f

nonlinear

b2c [1234 4

Figure 2.3 Signal flow diagram of mixed-mode two-port nonlinear network.

So, the incident and reflected power waves of each propagating mode give one
insight on the nonlinear DDUT electrical behavior at each frequency of interest in both
frequency and time domain. Obviously, this power wave measurement based approach is
able to be extended to modeling nonlinear DDUTSs by using approaches such as Poly-
Harmonic Distortion (PHD) applied in separated ways to each propagating mode.
Furthermore, tuning the incident and reflected normalized power waves at a given

15
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frequency of interest (fo, 2fo, etc), it’s possible to control the harmonic impedances of each
propagating mode at the input or output of the DDUT (I'syj or I'Li), which can be useful
in microwave DDUT design and optimization. In the particular case of nonlinear

differential amplifiers one can get a generic design topology as shown in figure 2.4 [4].

Input Signal L ] Input W) > Output Output
) (?onve?ter Network “ > Network Signal 4
Rs e———+o Matching S » Matching Converter
L. 7L
1—‘Smi Lmi
m=cd m=c,d
i=1..n i=1..n

Figure 2.4 Block diagram of differential power amplifier.

The differential Amplifier Under Test (DAUT) can be built by using 1) separate
amplifiers that are ideally independent and identical (i.e. push-pull) 2) Two amplifying
devices with a common bias current-skin or source (i.e. Cascode differential PA, Cross-
Coupled push-pull PA ). The input signal converter is used to interface the single-ended
source input with the differential input of the amplifier, similarly the output signal
converter is used to interface the differential output of the amplifier with the single-ended
load. The input signal converter provides a precisely balanced input signal as possible (to
obtain good even-order distortion rejection(2nfo) at the output). The output power can be
combined at the final stage with a balun (Balanced to Unbalanced ) or left as a differential
interface if the post PA SAW filter (Surface Acoustic Wave) is balanced or a dipole type
antenna is used. The input and output matching network makes the DAUT “see” proper
input and output reflection coefficients at each propagating mode at each frequency of

interest (fo,2fo,etc).

The microwave test engineer’s task is to find the harmonic loads of each

propagating mode in order to optimize a given DAUT performance such as: PAE, Poyt-mi,

16
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Pin-mi» Gp-mi, time domain waveforms shapes (Vin(t), Vam(t), etc), common-mode rejection,
IP(2n+1) and IP(2n) , etc). A PA design’s emphasis is on the output power, power gain,
linearity and efficiency. The design starts at the output port where the output power
contours (Pout-mi) Of the device are characterized. Once the output termination is determined,
the matching circuit is designed the same way as the other RF building block’s matching
circuits.

Characterization of linear and nonlinear differential devices can be done by means
of the incident and reflected power waves of each propagating mode at a given frequency

of interest, such as when characterizing single-ended non linear devices.

The source (I'sm) and load (I'_m) reflection coefficients of each propagating mode at

a given frequency of interest labeled as “kfy” are given by:

Toy = pm—t = 2n — nd — — @kf, (2.16)

Zsm +Zrm ams b1 Tinm

Ty =22 = 202 @, (2.17)

Zim +Zrm am?2

For m=c,d

Where:
Z,., - stands for the reference impedance used to map the tuned impedance of the
propagating mode. Often 2Z,3¢=100Q for differential-mode and Ze% = 25Q for common-

mode . The latter is because as it’s well known, it’s difficult to fabricate coupled lines

where Zgyen does not equal to Zygg.

The square of the magnitude of the incident and reflected normalized power waves
of each propagating mode represents power. Therefore, the power delivered to the m-mode
load (PLm) by the m-propagating mode is given by the difference between the incident

and reflected power of the m-propagating mode , namely[4]:
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Pim = |bm2l® = lamz|* = [bpz|* (1 = [T |®) = Poyrm  @kfy (2.18)

The m-mode input power from a source (Pynm) is defined as the m-mode power

delivered by the source to an m-mode load, given by:
Pivm = lam1|* = bm1l* = lam1|* 1 = [Tiym 1?) - @kfy (2.19)

The m-mode power available from a source (Pavsm) is defined as the m-mode

power delivered by the source to a conjugate matched m-mode load (I}, = I, ") as shown

in figure 2.5, given by:

Pavsm = lam1]* = 1bm1l?lr,y, =rg,* = lam1*(X = T [?)  @kfy (2.20)
b.mG R bmS R am
A )
1—‘Sm Y bmosm
amS ! bml

Figure 2.5 Signal flow graph of an m-mode voltage source connected to an m-mode conjugate matched load.

The m-mode transducer power gain, called G, is defined as the ratio of the m-
mode power delivered to an m-mode load to the m-mode power available from the source.

From (2.18) and (2.20) one obtains:

Pm |bm |2_| m |2 |bm |2 1_|rm|2
Grm = 72 = el o Pero (D) @fy  (221)

- - 2_ 2 - 2\1— 2
Pavsm lam1l%=1bm1l |rle =gy * lam1l® \1=[Fgm |

Similarly the m-mode operating power gain, called Gpy, and the m-mode available

power gain Gan, are defined as follows:
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Prm Pourm by 21? (1=ITpm 17)
P P im PiNm lam11? A=ITinm 12) fo ( )
G = Paynm __ Pourm |FLm =Coyrm @ 223
Am — p - p | N fO ( . )
AVSm INm T'iNm =Tsm
Where :
_ me
Lourm = P
m2 b =0

On the other hand, the X-dB m-mode gain compression point (Gpm-xdsm) IS defined
as the m-mode operating power gain (Gpm) Where the nonlinearities of the transistor

reduces the power gain by X dB over the small-signal linear power gain. That is:

Gpm—xap (AB) = Gppo(dB) — X(dB) @fp (2.24)

Where Gpmo(dB) is the m-mode small-signal linear power gain in decibels. A
typical value of X(dB) is 3dB in differential-mode. Under this condition, (Gpm-xdsm) can be
found from (2.18) (2.19) (see figure 2.6) as:

Pourm—xag = 1bmz2l* = lamz|* = |bp2l® (1 — [T |?) @fy (2.25)

Pinm-xas = lam1l* = [bm1l? = lam1 1> 1 = Tiym|?) @fp (2.26)

The output frequency response of a stable nonlinear time-invariant circuit at single
dc operating point to a single (or multiple) frequency input can be represented as power
series of harmonics. This power series is a mathematical expansion of the nonlinearities
that occur at the bias point of the nonlinear circuit. Each harmonic term in the power series
expansion of the output signal has a unique coefficient. So, the m-mode large-signal-output

response v,,, of a nonlinear differential amplifier can be written as follows:
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Vom = Z;Z%x Cni (Ule@fo)l (2.27)

Each i-th harmonic term at a given m-propagating mode has an associated power
labeled as Py which can be computed from the measurements readings by using (2.18) and
(2.19) at the output and input respectively. The i-th-order harmonic power and the input

power at the fundamental ( Py, @f,) are related as:

e ((rivm or ) . ield
wlmmere)) _ Phimass —— Pui(dB) = i Pymeoy, (4B) + ky (dB) (2.28)

Pi == czom)

The graph shown figure 2.6 shows this relation. This graph allows us to define the i-
th-harmonic input-referred intercept point (11Pi) and the i-th-harmonic output-referred
intercept point (OIPi). The i-th-order harmonic intercept point (called 1Pi) is defined as the

point where Poutmafo, aNd Poutmaifo iNtercept, when the DDUT is assumed to be linear.

A

Pourm @kf, (dBm)

OIPi
OIP2

Pout,XdB@fo /'/

cdll
Idil

Py @Kf, (dBM)

1@dPX uld

Figure 2.6 Nonlinear Differential Amplifier Pin-Pout curve

A fundamental property of the mixed-mode representation of a differential circuit
with no significant mode-conversion is that the differential and common-mode

performances (Poyrm —@kf, » Pourm-xas @fo, Gpp, @To, €tc) can be set independently. This
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property allows the design of the differential and common mode responses of a circuit to be
pursued to independent design goals. So, one could design matching impedances that
maximize differential design specifications while simultaneously greatly reducing the

common-mode power dependent specifications.

In this sense, one can continue defining all already existent concepts of non-linear
two port devices such as: power added efficiency (PAE), i-th-order Intermodulation Product (li-
thP), Carrier to i-th-order intermodulation ratio (C/li-thP), etc at each propagating mode

(m, c) and at each frequency of interest.
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3.1) INTRODUCTION

Why will we complicate our lives with such complex error models?. The answer to
this question is: otherwise we may lose information about what we really want to measure.
That is, losses and phase shift in TEM and quasi-TEM transmission mediums increase with
the frequency. For instance, in coaxial cables (see figure 2.1) used typically in test benches

at microwave frequencies for information transfer, their attenuation is given by [1]:

d

Figure (2.1) Cross-section of a coaxial cable showing outer diameter and inner diameter dimensions (right)/

Photograph of a solder-coated and braided coaxial cable (left).

_0435/f ( dB . .
Lc = Zod (—IOOft)' Loss in center conductor (2.1)
_0435\f ( dB \. .
L, = oD (100;%)’ Loss in outer conductor (2.2)
dB . .
Lp = 2.78.p.f.\/e_r(m) ;Dielectric loss (2.3)
dB
Llosses _total — LC + Lo + LD (m)' (24)

Where:
f: frequency in MHz
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g=2.1 for solid PTFE

1.6 for expanded PTFE

PTFE: (Polytetrafluoroethylene) is the most common dielectric material used to
build coaxial cables.

From these expressions it’s easy to understand that when working at frequencies
above 1GHz, it is only a matter of extract cable’s losses from measurements in order to
guarantee accurate amplitude measurements.

On the other hand, the phase shift introduced by a piece of coaxial cable with a
physical length L over a voltage or current wave traveling across it, at a given frequency f

IS given by:

g = Yr20IL (o) (25)

c

Once again it’s easy to appreciate, how at high frequencies the cables’ phase shift is
not negligible, and has to be extracted, so as to guarantee accurate phase measurements.
One shouldn’t to measure a voltage directly by using a sampling oscilloscope at high
frequencies without being aware of what one is losing. Besides these two more evident
errors present into microwave frequency test benches; one may get a lot of errors which
must be extracted from measurements data, in order to guarantee they are correct within a
given uncertainty level. Also these magnitude error and phase errors at high frequencies,
predict what will be the error correction model found, in order to correct measurement data.
The error model will remove magnitude error and/or phase error, in other words, it will

consist of complex numbers.

3.2) SOURCES AND TYPES OF ERRORS ON VNA MEASUREMENTS

SYSTEMS

Many others types of errors are intrinsic to the test equipments’ nature and to the

particular nature of the setup used to carry out measurement. For instance, parts of the
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measurement setup, such as interconnecting cables and signal-separation devices (as well as
the equipments themselves), all introduce variations in magnitude and phase that can mask
the actual performance of the test devices. The environment and user may also affect the
measurement accuracy. Formally whatever measurement system used, it will include
measurement errors that can be separated into two categories depending on whether they
might be present or not in the measurement data as follows [2]:

3.2.1) Raw Errors: associated with the uncorrected system that are called

systematic (repeatable), random (non-repeatable), and drift errors.

3.2.1.1) Systematic Errors: are repeatable errors that the system can measure. If
they do not vary over time they can be characterized through calibration or error-correction
procedure and mathematically removed during the measurements process [3]. In most high
frequency measurements the systematic errors are the most significant source of
measurement uncertainty. These are errors due to mismatch and leakage in the test setup,
isolation between the reference and test signal paths, and system frequency response. These
uncertainties are quantified as source-load impedance mismatch, directivity, isolation

(crosstalk), and frequency response (tracking) respectively.

3.2.1.2 ) Random Errors: are not predictable, they vary randomly as a function of
time and cannot be removed through error correction. However, there are things that can be
done to minimize their impact on measurement accuracy. The three main sources of

random errors are [4].

Instrument Noise Errors

Noise is unwanted electrical disturbances generated in the components of the

analyzer (e.g., sampler noise, and IF noise floor) and they affect the measurement

equipment’s dynamic range [5]. These disturbances include:
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Low level noise (noise floor) due to the broadband noise floor of the receiver.

High level noise or jitter of the trace data due to the noise floor and the phase noise

of the LO source inside the test set.

One can reduce both noise errors by doing one or more of the following:

-Increase the source power to the DUT; however this only reduces low-level noise.

-Narrow the IF bandwidth: Reducing the IF receiver bandwidth reduces the effect

of random noise on a measurement as shown in figure 2.18 for different RF frequencies and

at a given number of measuring points. However, narrower IF bandwidths cause longer

sweep times.
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-100
-105
-110
-115
-120
-125
-130

RMS Noise Level (dBm)

-135 4

[——1.00E+09 -=—3.00E+08

IF Bandwidth (Hz)

:://
/,/
>
Z /
*/4/ ]
//
178

5.00E+09 - 7.00E+09 —=—9.00E+09

Figure 2.18 RMS noise floor vs. IF BW (n=801 pts) @ 1, 3,5,7,9 GHz

-Apply several measurement sweep averages. Using the averaging function

available in most VNA, improve the S/R for every factor increase in averages [5]. It also

reduces measurement speed because when two traces must be averaged, measurement time

doubles. Table 2.1 compares the two latter techniques so as to reduce the noise floor.
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Moise floor reduction (dB]  Sweep time increase factor

10 KHz 10 averages 10 10

1 KHz 0 averages 10 1.75
10 KHz 100 averages 20 100
100 Hz 0 averages 20 748
100 Hz 10 averages 10 10
10 Hz 0 averages 10 9.9
100 Hz 100 averages 20 100

1 Hz 0 averages 20 9.5

Table 2.1 Sweep time impact respect to IF bandwidth and averaging points

In both cases it’s important to note that each option to improve the dynamic range
and then reduce these type of random errors is often time consuming.

Switch Repeatability Errors

Mechanical or Solid state RF switches are used in the measurement test equipment
to switch the sources, attenuator, loads, etc. (see figure 2.19). When mechanical RF
switches are activated, the contacts close differently from when they were previously
activated. When this occurs, it can adversely affect the accuracy of a measurement. For

solid state RF switches, their port-to-port isolation characteristic is the more important
specification.

One can reduce the effects of switch repeatability errors by avoiding switching

setups, or account for them by applying the well known switch error correction procedure.
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Figure 2.19 Block diagram of basic four port unit.

Connector Repeatability Errors

Connector repeatability is the random variation encountered when connecting a pair
of RF connectors. Variations in both reflection and transmission can be observed.
Connector wear causes changes in electrical performance. One can reduce connector

repeatability errors by practicing good connector care methods.

3.2.2) Residual Errors: are the errors that remain after calibration or error
correction procedure. So they may include Raw Errors terms depending on whether they
may be removed or not through the error correction procedure, furthermore they include
other non-Raw Errors terms such as: the uncertainty measurement specification of the
VNA'’s system which includes the system’s dynamic accuracy, the connector type’s
repeatability, system repeatability, stability , and noise level. They are also determined by

the quality of calibration standards and how well "known" they are.

3.3) ERROR MODELS

A key concept related with multiport nonlinear active device characterization is that

one can characterize linear or non linear systems by using a linear one. The latter is
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characterized by means of and during a complete error correction procedure or called
calibration. The calibration steps number depends on what DUT’s performances one needs
to measure and where one needs to do it (on-wafer or coaxial measurement environments).
So after a calibration procedure one will be able to remove all desired systematic errors

from the measurements data.

When characterizing multiport linear or non linear DUTS, one is required to remove
the greatest quantity of systematic errors as possible from the measurement data, so as to
guarantee good levels of accuracy. Sometimes, however the amount of systematic errors
one can remove from the measurement data and their relationship to the error model’s
complexity and calibration’s steps becomes a compromise; the larger the number of

systematic error terms, the more complex the error model and the calibration procedure.

It’s important to note that, first one chooses an error model to be used, and then one
tries to get the best calibration procedure (algorithm) in order to find the error model’s

unknownes.

On the other hand, as mentioned in Section 3.1.1.2, one has to account that some
systematic errors can be completely removed from the measurement data, however others
can be simply reduced, even if they aren’t explicit in the error model. The rest of the error

terms cannot be removed or reduced and they establish the measurement’s uncertainty.

3.4) ERROR MODEL’S GENERATION PROCESS

One is required to characterize the measurement setup in order to extract the
systematic error terms from the measurements data. Figure 3.1 shows a generic multiport
VNA system (based on a complete reflectometer architecture [6]) when carrying out linear
DUT’s measurements like S-parameters. This topology will be used to generate the Error
Models by using a similar approach to [7]. In figure 3.1: the source section is connected by

means of a high isolation absorptive SPnT switch, which is connected at the signal
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separation section whose function is taking a part of the incident and reflected waves from
the DUT and route them to the mixer/sampler-based receiver, where they will be down
converted at a given IF frequency to finally being digitized. It’s important to emphasize that
often the signal separation section acts like a interface between two different types of

measurement environments labeled as “k” and “j” in figure 3.1.

“k”-connector

I_ _____ | type al . ) ) a2 “j’-connector
; o < —Signal Separation Section [C] __ <= 5 type
I | A r I > o
| ‘\M " ' |
I Zo I ) I I
Source_Section | ‘ I I I
o , | | |
| | | I |
| I—AN—e | n-port
| I I o | o | I o e Linear
DUT
R e e |
I I | |
| j | I |
I _ | | I
BN | ! B
| z >, | i -,
[ S r | |
L | Y e N A -
b3 a3
M+ 4 v‘ +
at RF
Mixer/Sampler Based Receiver
[R]
| | IF
bmy e any Aa
IF Detector
[sSm]

Figure 3.1. Generic multiport VNA setup when carrying out S-parameter measurements.

Where:
Qi b1;
Ay; i
ai=| 2| b= b?l Fori=1,...,4
Ani by
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m1 b1 X1
Ay = aTz ; by = b’?z ;X = xz forx=a>, a’
Amn bmn Xn
ay b,
a=|")p=|"
an b,

As an initial hypothesis, it will be assumed that the signal separation section, the
mixer/sampler-based receiver, and the DUT, are Linear Time-Invariant Systems, in this

way, they will be characterized by defining their S-parameter matrixes: C;R; Sgu:

respectively.
Figure 3.1 allows us define C; R as follow:

/a—\=R/ ,\ o
) e

a1

a;
E =g a_3 (3.2)
by a4

Since, commonly in practical applications one has physical access to “j” and “k”

measurement environments (bq; b,; aq; a;), and additionally one can obtain b,, and a,,

readings from the VNA system, mathematical expressions will be sought in other to relate

them to each other, even if they might not have physical meaning.
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To find these mathematical expressions one could begin by substituting a; = I; b,

for i=3,4 into expression (3.1) and (3.2), and then fitting them, to obtain (b_m ; a_m) in (3.1)

and (ﬁ; by; ay; %) in (3.2) like independent variables, after that, they can be rewritten as:

~~
S|
|3 |s
N——
Il
1=
~
&S
N——

3.1y

S &5 [2

bs

By substituting (b_> from (3.1) into (3.2) one gets:
4

)

[Du

(i) |2
bl\ %

k:/—
b/ |5

Expression (3.2)”" establishes that “k” and “j” measurement environments are

12 ]

A
A

=)

22 21

-M
42 i —g

(3.2)”

Al
[\S)
~~
&l
SN——
|
By
=11 ||
I -~
|8
SN——

=)

related to VNA’s system readings by means of an equivalent Linear Time Invariant System

defined by a 4nx2n D matrix, furthermore it establishes that each of these relationships can

be treated in a separate fashion, it means, there is a relationship between each measurement

am
(134 1)

environment “j” or “k” and the total VNA’s system readings <_> :

by
a©
(0)-

an, an,
)~ 2(e2) =
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(0)= [ 2l(om)=2:(en) o0

Expressions (3.3) and (3.4) are the input and output waves de-embedding equations

IESHTES
==

respectively. It’s clear that once D; and D, are completely known , one can reconstruct that

that is happening at the “k” and “}” measurement environments in both frequency or time

am am
domains through <b_> readings. Because <b_> is the result of a superposition of that that
m m

[13%2]

happens at both “k” and “j” measurement environments, adding (3.3) and (3.4) result :

@ L\ (B2)) | (@n1) (G2
(i) =22 (5) v () = (o) + () @9)

Expressions (3.i) for i=3,..,5 establish some important facts:

bml

. . . A1 Gm2\\ . iy
-First, that which one measures with a VNA +13 , IS a superposition
m

me

Am2
of two different effects: one of them occurs at the “;” measurement environment < >

am1
and the other one occurs at the “k” measurement environment < b 1).
m

A

-It’s possible to know each partial contribution <b ) for i=1,2 from the total
mi

am
VNA'’s readings <b_) added by each “j” or “k” measurement environment.
m

-D; For i=1,2 matrixes’ shape will be able to describe physical effects between ports

of the “j” or “k” measurement environments independently.
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One has to account that D; (for i=1,2) matrixes spring from the electrical interaction

between two LTI systems (receiver and signal separation section) each with incoming and
outgoing power waves (aj , b;j) defined at each i-th transmission media, and this has a
physical meaning according to figure 3.1. For instance, in that figure each pair of waves
(&’’, bmi) travels through a physical medium ( i.e. a coaxial cable) , in a similar way to
which (a;’, amj) travels through another physical medium. However, (3.4) is able to be

itt te that 2 bdut
rewritten as (note tha = .
( b_2 Agut )

o S awy g
Iio @(2);9:‘3(2) (3-4)

-

Where: Iio =LK™ ; iy =—(H+ LK™'H); =K' ;ln=-K"'M

This mathematical expression suggests that it has been modeled by means of a LTI

system characterized by a Se matrix as shown in figure (3.2).

“I” measurement
environment

am a
> —»
Virtual 3 3 Linear
VNA i Se i DUT
Sm | | Sdut
-— -
bm b

Figure 3.2 physical meaning suggested by (3.4)’

By comparing this figure with that shown in figure 3.1 and according to what has
been discussed recently concerning (a’’,bmi) or (&’,ami) power waves, it doesn’t make
physical sense. It means, (3.4)’ represents a mathematical error model not a physical one.
However, physical considerations can be taken into account: for instance, in both figures

one can consider that the crosstalk between nearby ports might influences a given (bni, ami)
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VNA'’s reading, and this effect could be accounted by changing S, matrix’s shape as it will

be described in the next section.
3.5) TYyPES OF MULTI-PORT VNA SYSTEM ERROR MODELS

As was proven in the previous section, the general connection between a real
multiport network analyzer and a given multiport device under test (DUT) , can be
considered as a cascade of a virtual free error multiport network analyzer, an error box
(which includes all error terms) and the device under test (DUT) (see figure 3.3).

am a

Reals VNA 2 N

eal- .
system /(\ el

-4 -4

bm b

Virtual |25 E | a,
Free-error | L Br(l;())(r | & - DUT
VNA | / | E | 3/ (Sdut)

system [®— b | -

bm b

Figure 3.3 Leaky error model

One can define the error box (Ep) as follows [8] (see (3.4)):

(@: l:i g (Z_:) (3.12)

Where:
a am1
a \. A2
a= : y A = :
a‘l’l amn
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bl bml
b= b:2 ) b = br:lZ
le bmn

Dependingon H ,K, L, M matrixes’ forms, there may exist basically three different

types of error models. The first one is the most complete, it accounts for all error terms that
can occur between ports. It is represented by means of four full matrixes like in (3.11), it

defines the so called Leaky Error Model [9] whose block diagram is shown in figure 3.3.
As it seems obvious from (3.11) it relies on 4n? unknowns.

The second matrix form is:

| |
1= Il

L
él: M, E K, E (3.12)
(3w s

It defines the well known Partially or Half Leaky Error Model [10] [11], whose
diagram block is shown in figure 3.4. Owing to in this case one has four matrices, each of
them with (n%/2) unknowns these add a total of 2n? unknowns. Seeing figure 3.4 it’s
obvious that this error model assumes that a given port might be only affected by
neighbors’ leakage. This is useful when working in on-wafer measurement environments

where the tips’ probe proximity is small, mainly those located in the same tip probe.
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Free-error [~ ba...(ni2)) DUT
s;//s’\t‘:m %nmﬂ]mn) v ) Eb-R ) 'ﬂ[(n/2)+11..% ()
t N M HRLR ; 'Q\'l/
- ’ MR KR) -—
lom((n/2)+1]...0) b(n2)+1}..)
Figure 3.4 Half Leaky Error Model
Finally a third matrix form is:
hi1 0 . 0 liy O .. 0
[ 0 hyp 0 : 0 L 0 :
0ol : ~ 0 : ~ 0
= Z|_ 0 0 0 hy 0 0 0 Iy (3.13)
_M K myq 0 .. 0 k11 0 0 ’
[ 0 myo o0 0 kyp 0
: 0 ; .0
i 0 0 0 my, 0 0 0 Fkuy

This defines the so called Non Leaky Error Model, the most popular one, whose
block diagram is shown in figure 3.5. There are 4, nxn-diagonal matrixes defining 4n
unknowns. It doesn’t account for crosstalk between ports (considered negligible), which is
acceptable when working in measurement coaxial environments. It’s also commonly
applied in on-wafer measurement environments, although as a compromise between

crosstalk levels between nearby ports, error model complexity, and calibration procedure

complexity.
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Figure 3.5 Non-Leaky Error Model

3.6) S-PARAMETER CALIBRATION

During a S-parameter calibration procedure the task is connecting physical
calibration standards where needed (“j” measurement environment ports in figure 3.6) in
order to get mathematical conditions that allow us to find H ,K, L, M matrixes’ elements

over an initially chosen error model. In this way by using physical standards and VNA’s

am
readings (b_> a total of (4n*-1), (2n°-1) or (4n-1) error terms are found depending on

whether full-leaky, half-leaky or non-leaky error model are chosen respectively. During the
S-parameter calibration procedure the setup shown in figure 3.6 will be used. In this figure
the assumption is to have only one and two port calibration standards available, this occurs

frequently in labs
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Figure 3.6 s-parameter calibration setup

am
To find a mathematical expression to relate <b_> with H K, L, M matrixes’
m — — — —

elements equation (3.11) it can be written for each of the n source signal positions, which

give n similar equations that can be written in matrix notation as:

0-6)-[5 46 )] e

|
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An n-port linear DUT represented by means of its S-parameter matrix (S)
establishes:

ISy
I

(J1%)
IR

(3.15)

This equation can also be applied for each of the n source position as follow:

[(6), - (®),] = 5 [(@), - (a),] (3.16)

By combining (3.14) with (3.16) one gets [5]:

(3.17)

Where: A:m = [(a—m)1 (a_m)n] ?B:m - [(b_’”)1 (b_’”)n]

This expression allows relating measurement readings with the standards’ S-

parameter. Each of the n? zero elements of the right-hand member in (3.17) can be written
similar to (5) in [8] as:

n

n
> Kipbuy +
p=1 p

n n n n
Sip Z P z Sip z bpg bmpj | — Z Mip Apyj = 0
1 p=1 p=1

q=1 q=1
Fori=l..n j=l...n. (3.18)
The S-parameter calibration consists of collecting equations similar to (3.18) from

an appropriate number of calibration standard measurements. These equations can be
stacked together to form an 4n®x4n? homogeneous linear system such as:
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Cv=0 (3.19)
Where:
g(amb bmi,sij —std)
Z = (kll knn hll hnn lll lnn mll mnn)T

As is well known, this homogeneous linear system has got two solutions: the trivial
one v = 0 and the nontrivial one v = a(1 .. v,,2)". The latter occurs because one can
divide (3.19) among whichever of the 4n? unknowns, turning it into a non-homogeneous
linear system with 4n-1 unknowns. By selecting arbitrarily ki; as unknown among which

dividing (3.19), one gets an equivalent (4n?-1)x(4n3-1) non-homogeneous linear system as:

N.u= g (3.20)
Where:
g(ami'bmi,sij —std) ;
u= (l’(\lz I’(\nn le Znn Ell iinn ﬁ\lll ﬁlnn)T

Q(bmi )

&y = I%for x=k,lm,h and i=1..n j=1...n)

Since, as a mathematical artifice for solving it, one has divided (3.19) among ki,
ki1’s information has been lost (its modulus and its phase). So, as mentioned earlier, after
a S-parameter calibration procedure all the (4n-1), (2n>-1) or (4n-1) X;is terms are known
depending on whether full-leaky, half-leaky or non-leaky error models are chosen

respectively. Introducing them into (3.17) and solving this to find S result [6]:

S = (K B = M An) (L B — M )™ (.21)
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After a S-parameter calibration has been carried out, the fact of not knowing k4 is
of no concern to compute the DUT’s S-parameter s;;. Hereby the S-parameter-dependent
DUT’s performances (like Gop, K-factor, Gy, Gy, MSG, MUG, stability circles, etc in linear
two-port devices) can be obtained after a complete S-parameter calibration procedure

independent of whatever error model was previously chosen .

There are some practical facts related with the passing from (3.17) to (3.20) that are

important to point out:

-First, in labs often there is only one unit of the different types of one and two ports
calibration standards available (.ie.1-short, 1-load, 1-thru,1-line,etc), this fact constrains
things because (3.17) demands knowing all s;, elements of an hypothetic n-port calibration

standard, independently of what error model is chosen.

-For instance, a two port calibration standard (connected between whatever u and v
ports among the n available, as shown in figure 3.6) is characterized by a 2x2 S-parameter

matrix such as:

_ [Suu Suv] (3.22)

Svu SUV

11

It’s evident from (3.17) that when n is greater than 2 one hasn’t the others s;j
calibration standard’s elements, therefore it doesn’t make sense to sweeping the source
switch among its n positions. Furthermore, if and only if a non leaky error model is chosen
the readings amij bmij for all those ports where the two port calibration standard is not
connected must be near to zero (red-dotted-arrow in figure 3.6). In this way, by
substituting (3.22) in (3.17) will yield four equations similar to (3.18) instead of the 4n-1
required. Each of these equations will have only sixteen addends (or error terms at a time).

Something similar occurs with one port standards. For this reason by interchanging the one
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and two port calibration standards available in the lab allows the building of a system
similar to (3.20).

- On the other hand, when a full or half leaky error model is chosen it’s mandatory
to rely on n ports calibration standards (i.e. n-opens, n-loads, etc or proper combinations of
them) in the lab in order to carry out a complete S-parameter calibration procedure and to
sweep the source switch among its n positions for each n-port calibration standard
connected. This is easily proven because an n-ports calibration standard measurement
gives us just (with n? S-parameters) n? equations similar to (3.18) which are lesser than the
unknowns number of the full-leaky or half-leaky error models, it means, n? < 4n? or
n? < 2n? Vn respectively. Furthermore, since in (3.20) just (4n1) or (2n>-1) linearly
independent equations are needed to solve it, the minimum number, say “k”, of n-port
calibration standard measurements (or n-port calibration standards) required in both cases

can be found by imposing that:

yields
kn? > 4n? — 1 it komin = 5Vn for full leaky error model.

jeld
kn? > 2n%? — 1 = knn = 3 Vn for half leaky error model.

Unfortunately this  kmin’s value transforms (3.20) into a (Kminn“x4n-1) or
(kminn®x2n-1) over determined system of linear equations respectively, whose solution

requires using techniques such as: least square, QR decomposition, etc.

- Depending on the error model chosen one can get in literature the most powerful,
efficient, and optimized calibration algorithms in order to solve (3.20). For instance, chosen
Leaky Error Model, in [8] a simple calibration algorithm using commercial one and two
port calibration standards on multiport systems was proposed and carried out on a 3 port
system, in [12] an calibration algorithm was proposed and carried out on 4 port
(differential devices) system, by using four-, two- and one -port calibration standards. In
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[10] and [11] calibration algorithms were proposed so as to solve (3.20) when applying a
Half Leaky Error Model on multiport systems and was carried out on a four-port system,
working in coaxial and on-wafer measurement environments respectively. When working
with a Non-Leaky Error Model in [13] a powerful and general formulation was proposed,
which allows to solve (3.20) in the multiport VNA systems, by using just one- and two-port
commercial calibration standards and it was carried out on a 3 port VNA system.

In this thesis work all the experimental results presented in chapter VI required the
S-parameter calibrations which were obtained by using Microwave Measurement
Software-NT (MMS-NT) [14]: a 32-Bit Visual C++ written windows application. MMS-
NT by using (specified by the user): 1)the system port and their connector organization; 2)a
proper set of calibration standards (with the electrical model) and their connector type
which allows the possibility to plug or to not plug the standard to a specific port 3)
calibration algorithm to be used between ports (RSOL,SOL, THRU,Q-SOLT, LRM, TRL,
Reciprocal, etc); the MMS-NT : 1) generates the optimum sequence of connections, 2)asks
the user to perform and acquire the measurements in correspondence of every standard
involved in the calibration, 3)performs vector u’s computation (see equation 3.20) and 4)
de-embeds the measurement data through (3.21).(see appendix A). MMS-NT software
relies on a set of methods and data structure that are able to compute and manage the error
coefficients of multiport measurement systems in dynamic way , it means, there is no fixed
standard sequence, owing to the software generates the best one which resolves the

connector constrains. Figure 3.7 shows the S-parameter calibration flowchart.

45



Error Models and S-Parameter Calibration.

FYES

2-port and

1-port <):I
standard’s

connector type

Choose port
number and
gender type

v

soL

Define standards

LTF?,\';‘ <):I connection
Reciprocal,etc matrix

ie. Compute

Thru @ port x,y <):| standards

Open @port x connection

Load port y, etc sequence

a i Measure

<):| standards

b mi sequence

4n-1 error terms Compute
hy Ko 1y, My <):' Tir:r(r)]rs

i=1..n

Is Non leaky error
model enough?

Chapter 111

NO——
A4
Choose port n-port
|:“ > standard’s
number and connector type
gender type
Compute e
standards |:‘l> N-port short
connection N-port load
sequence N-port open,etc
Measure a mi
standards |:" >
sequence b i
+ 4n? - 1->Full leaky
Compute 2n? - 1->Half leaky
Error |:1‘> 4n -1 -TNon leaky
Terms hy, kg 1, My
i,j=1..n

Figure 3.7 S-parameter calibration flowchart

46




Error Models and S-Parameter Calibration. Chapter 111

References

[1] Golio Mike *“ The RF and Microwave Handbook” CRC Press LLC US Florida 2001.

[2] Service Guide Agilent Technologies 8719D/20D/22D Network Analyzers
Manufacturing Part Number: 08720-90292 Printed in USA Print Date: February 1999
Supersedes: June 1998.477pages.

[3]Agilent AN 1287-3 Applying Error Correction to Network Analyzer Measurements

[4] Agilent PNA Series Network Analyzer Printed Version of PNA Help User’s and
Programming Guide Supports Firmware A.08.00 March 12, 2008.

[5]Agilent Understanding and Improving Network Analyzer Dynamic Range AN-1363-1
09/2000.

[6] IEEE Transactions on Microwave Theory and Techniques Vol,56,N° 3 March 2008. ““ A
Novel Calibration Algorithm for Special Class of Multiport Vector Network Analyzer”.
Andrea Ferrero, Senior Member, IEEE, Valeria Teppati Member IEEE, Marco Garelli,
Student Member, IEEE and Alessandra Neri.

[7] A. Ferrero “VNA Measurement and Calibration Intel Class” 17-18 January 2006.
Electronic Department, Polytechnic of Turin. Pages 14-16.

[8] A. Ferrero and F. Sanpietro, “A simplified algorithm for leaky network analyzer
calibration,” IEEE Microwave Guided Wave Lett., vol. 5, pp. 119-121, Apr. 1995.

[9] Speciale, R. A., “Super-TSD. A Generalization of the TSD Network Analyzer
Calibration Procedure, Covering n-Port Measurements with Leakage,” 1977 IEEE MTT-S
International Microwave Symposium, Digest of Technical Papers, San Diego, California,
June 21 23, 1977, IEEE Cat. No. 77CH1219-5 MTT, pp. 114-117.

[10] V. Teppati, A. Ferrero, D. Parena, and U. Pisani, “A simple calibration algorithm for
partially leaky model multiport vector network analyzers,” in 65th ARFTG Dig., Jun. 2005,
pp. 1-4.

[11] leee Transactions On Microwave Theory And Techniques, Vol. 53, No. 11, November
2005 3665 On-Wafer Calibration Algorithm for Partially Leaky Multiport Vector Network
Analyzers Valeria Teppati, Member, IEEE, and Andrea Ferrero, Member, IEEE.

47



Error Models and S-Parameter Calibration. Chapter 111

[12] D. E. Bockelman, “The theory, measurement, and application of mode specific
scattering parameters with multiple modes of propagation,” Ph.D. dissertation, Dept. Elect.
Comput. Eng., Univ. Florida, 1997.

[13] A. Ferrero, F. Sanpietro, and U. Pisani, “Multiport vector network analyzer
calibration: A general formulation,” IEEE Trans. Microw. Theory Tech., vol. 42, no. 12,
pp. 2455-2461, Dec. 1994.

[14] Ing. Chiara Soragna-PAF, Prof. Andrea Ferrero-Polytechnic of Torino “MMS LINE

Multiport S-parameter System”  http://www.pafmicro.com/products.htm:

48


http://www.pafmicro.com/products.htm

CHAPTER IV

POWER AND PHASE CALIBRATION




Power and Phase Calibration Chapter IV

4.1) POWER CALIBRATION

Power Calibration procedure springs from microwave engineers’ necessity to

measure power —dependent multiport DUT’s performances such as [1-3]:

Pin: Input Power towards a given i-th port @kf, =[af*~|b|*

Pout: Output Power from a given i-th port@kfy=|b|*-|aJ*

Ppin: Differential-Mode Input Power towards a given i-th differential-mode port
@kfo=lap|*-|bp|*

Pcin: Common-Mode Input Power towards a given i-th common-mode port @kfy

=lac-bcf

Poout: Differential-Mode Output Power from a given i-th differential-mode port
@kfo=|bo|*ap)?

Pcout: Common —Mode Output Power from a given i-th common-mode port @kfy

:|bc|2'|ac|2

Where “@kfy” stands for the respective power (Px) measured only at the k-th
harmonic of a fundamental frequency labeled as fj .

These quantities define in general a lot of DUT’s design specifications, which
depend on the DUT’s application field, most of them can be computed simply by using s-
parameter measurements only if linear DUTSs are considered [4], unfortunately , often for
microwave design engineers, this is not common, on the other hand, they have to optimize
power-dependent design specifications in nonlinear DUTs like power amplifiers,
oscillators, frequency doublers, mixer, etc[5].Some of these specifications are: operative
and transducer gains (Gop and Gy) , Power Added Efficiency (PAE), output power at G;’s

3dB compression point (Pousae), Harmonic Intermodulation Products, Intermodulation
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Distortion, Conversion Gain (CG), Spectral Purity (SP), and so on ,depending on the DUT
type [6].

The S-parameter calibration’s output information: (X;; = :i for x=k,I,m,h and
11

i=1..n j=1...n) (see 3.20) not being enough to compute the above power-dependent
design specifications (when working with non linear DUTS), a power calibration will be

performed based on [7-9]. To carry it out, one can begin rewriting (3.11) as:

a —-H L] /an
)= | g &) @
Where:
a A1 by b1
a=(% ) an=( " b= | bu=| "
a, - by Bron

&y = %for x=k,lm,h and i=1..n j=1...n)

As is well known, after an s-parameter calibration procedure all the (4n’-1), (2n*-1)
or (4n-1) x;;
model is chosen respectively. Each incident (a;) and reflected (b;) wave from (4) at the

terms are known depending upon if a full-leaky, half-leaky or non-leaky error
DUT’s ports can be written as:
a; = k11(2}l=1 —Eij Amj + Xj Zij bmj) = k113, (4.1)

b; = k11(2}l=1 —Myj Ay + Nfeq Eij bmj) = ki1 b; (4.2)
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a; and b; are computed with the s-parameter calibration’s information and the
VNA'’s readings. Obviously these expressions become simpler depending on the error

model chosen during the s-parameter calibration.

By using (4.1) and (4.2) one can find easily the input and output power at given
DUT’s port as:

Poni = k2 (1817 = |B]°) (43)

Pour—i = lkusl? (|Bi|” = 12.1?) (4.4)

The power calibration’s task is to find |kq;| which is enough to compute the
outgoing and incoming normalized power waves to/from the DUT’s ports. The setup

required during a power calibration procedure demands that one performs the next steps:

-choose whatever “k” port from the n available to connect the signal separation
section with the DUT’s port as shown in figure (4.1), in order to be able to connect a power
sensor.

- inject a CW power signal (at given frequency of interest) into the other side of the
signal separation’s coupler.

In this way by using (4.3) since P,,_; can be measured with the power meter, |k{;| can be
found as:

k — Pin—i — Prmeas 45
e \/(|ai|2—|5i|2) \/(lai|2—|5i|2) (45)

|kq1]’s computation has to be done for all frequencies of interest where one intends

measure power-dependent DUT’s performances.
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Unfortunately sometimes it isn’t possible to directly connect the power sensor such
as in figure 4.1 to the DUT’s measurement environment, for instance, in on-wafer DUT’s
environments. In this case it is needed the use of that proposed in [10]. It means, using (3.3)
from section 3.2 applied to whatever port (from the (n-1) available called auxiliary port) on
the other side of the signal separation section’s couplers, where surely it’s possible to
connect a power meter as shown in figure 4.2. This will allow us by applying the
reciprocity principle to the signal separation section’s coupler (with cables and connectors

involved) to compute |kq4].

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, a
. L
n
7777777777 . . bi
@ . | -, Power
! — Meter
,,,,,,,,,, i ai
Source Section \f
CW @fc . . Same type
b
o 1 -

RF

Mixer/Sampler Based Receiver
[R]

5
-
—Uu
.
[
|ﬂ!
47
I —

IF Detector
[Sm]

Figure 4.1 Power calibrations setup when measurement’s environment problems aren’t present.

Furthermore, to simplify things it will be assumed a non leaky error model

characterizes H ,K, L, M (see equation 3.4) and D, (see equation 3.3) matrixes. Obviously
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this is a compromise to simplify |k;1|’s computation. So from (3.13) it’s evident that (3.3)

can be rewritten for whichever initially chosen i-th auxiliary port, as follows:

(ai—aux) — —Rii—qux Lii—qux ] (Z::z) (46)

b; _qux —Myi—qux  Kii—qux

Which after an S-O-L calibration procedure applied to the i-th auxiliary port chosen

it can be written as:

(ai—aux) = Ky [_ﬁii—aux Zii—aux (Zmi) 4.7)

. L .
bl—aux —Myi—qux 1 mi

Where similar to (4), in this case three error terms: —A;_guxs biawe —Mii—que are

completely known.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, a
S - *
n
Sourcée Section
CWwW @fc
thru
et Reciprocal >
I [Tr] or [Sr] |
bi-aux
Power >
Meter <
ai-aux
Same connector type
b
! -,
RF
Mixer/Sampler Based Receiver
[R]
| | IF
m+ T + a a—+ T *a—
IF Detector
[Sm]

Figure 4.2 Power Calibration when measurement environment problem are present
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In similar way as before, the incident (bj-aux) and reflected (aj.aux) Waves at the i-th

auxiliary port’s reference plane chosen are:

~

ai_qux = kii—aux (_hii—aux Qi + lii—aux bml) = kii—aux ai—aux (48)
bi—aux = kii—aux (_mi—aux Ami + bml) = kii—aux bi—aux (49)

Where @;_,,, and b;_,,, are computed by means of the previous S-O-L

calibration applied to the i-th auxiliary port chosen and the VNA’s readings.

By combining (4.8) and (4.9) one can find easily the output power at the i-th
auxiliary port chosen as (see figure 4.2):

~ ~ 2
Pout —i—aux — Ikii—aux |2 (lai—aux |2 - |bi—aux| ) (4-10)

In order to get |k;;_qu | Which will allow us to compute that that is really needed

(Ik111), the next steps must be carried out in the setup of figure 4.2:

-choose whatever two ports from the n available to connect the signal separation
section with the DUT’s port as shown in figure (4.2), and connect them by using a thru or a
transmission line.

- Use the two adjacent sides of the signal separation section’s couplers : one to
inject a CW signal (at a given frequency of interest) and the other one to connect the
power sensor (see figure 4.2). This is in order to set a power level that can be measured by

the power meter.

In this way by using (4.10) since P,,; _;_qx Can be measured with the power

meter, |k;;_q.. | Can be found as:
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it —aux | = J( P :\/( P (4.11)

~ 2 - 2
14— qux |2_|Bi—aux | ) 14— qux |2_|Bi—aux | )

|kii —qux |’s computation has to be done for all frequencies of interest where one
intends to measure power-dependent DUT’s performances. Next, in order to compute | k44|
through |k;;_... | the reciprocity principle is applied to the cables, through arm’s couplers,
and connectors (placed between the i-th auxiliary port chosen to connect the power sensor
and the i-th port used to connect the signal separation section with the i-th DUT’s port),

which can be characterized by means of a transmission matrix ;. (see red line in figure 4.2)

defined as follow [11]:

bi) (bi—aux)
=T 412
(ai :r A;—qux ( )

On the other hand, with the assumption of a non leaky error model and after a

proper s-parameter calibration, (4) can be written for whichever i-th DUT’s port as:

(Zi) = kqq [__:j:{; ,l'l;il.il.l (Z::ll) (4.13)

In this way by combining (4.7) with (4.13) T, can be found as function of |k, | as:

k11 =
= (2% (4.14)
f— ii—aux / —
Where:
T = ( 1 )lkiimii—aux — My Myl qux = Kighii—qux
r h— /\“ A“ _A“ ~ P ~ ~ ~ ~ ~
— Mii—aux Lii—aux ~Rii—aux liimii—aux - hii hii lii—aux - lii hii—aux
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Since the reciprocal condition establishes Det {Tr} =1 ,|kq1| can be found from

(4.14) as:

lheyy| = |z (4.15)
Det{E}

|k11]’s computation has to be done for all frequencies of interest where one intends

to measure power-dependent DUT’s performances.

This general approach to compute |k;;| can be applied to whatever number of
setup’s ports (n), whether there is or isn’t mechanical constrains to connect the power
sensor with the DUT’s measurement environment. For instance, when characterizing
Differential Devices (4 ports) or single end Devices (2 ports) in on-wafer or mm-coaxial

environments. Figure 4.3 shows the power calibration’s flowchart.

In this thesis work all the experimental result presented in chapter VI required the
power calibration procedure which was performed by using the Microwave Measurement
Software (MM-NT) [12]: a powerful 32-Bit Visual C++ written windows application which
based on (specified by the user): 1)source’s power port’s number 2)auxiliary port’s number
and its connector type (if needed) or simply the port’s number where connect the power
sensor. The MMS-NT Cal software : 1) establishes the sequence of connections to perform
the S-O-L calibration when auxiliary port is required,1.1)asks the user to perform and
acquire the measurements in correspondence to every standard involved in the S-O-L
calibration,1.2) computes —Ry; _pur s Lii—awe —Mii—aux (5€€ €quation 4.7) 1.3) and asks the
user to perform and acquire the power measurements in correspondence to the power
meter’s connection to the auxiliary port chosen previously (see figure 4.2).1f auxiliary port

is not required MMS-NT 2) asks the user to perform and acquire the power’s measurements

in correspondence to the power meter’s connection to whatever port among the n-1s
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available as shown in figure 4.1. Obviously to carrying out the power’s measurement MMS

(via PC) synchronizes itself with the power meter (see appendix A).
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Figure 4.3 Power Calibration flow diagram
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4.2) PHASE CALIBRATION

As power calibration springs from microwave engineers’ necessity to measure
power dependent DUT’s performances, and as time-domain information is most useful for
microwave designers to visualize circuit operation, phase calibration springs to measure
time domain waveforms. However, in this case a wider application fields is favored such
as:

-Time Domain oscilloscope measurements with vector correction applied, it means,

time domain voltages and currents with measurement plane at DUT’s terminals.

-Measurement of the absolute amplitude and phase relationship of each frequency
components (harmonics) to/from a DUT with vector correction applied with reference
plane at DUT’s terminals, useful to analyze and design high efficiency power amplifiers

such as class E — F, and frequency multipliers.

-Measurement of components intended for tens-Gb/s systems, whose performance
specifications typically are made in time-domain terms such as edge rise time, allowable
error band ,etc. These time-domain dependent design specifications can be strongly
affected at high frequencies. For instance, the eye diagram of a tens-Gb/s signal can be

closed significantly by a few inches of cable and a few transitions [13].

-Measurement of multi-tone stimulus/response to/from DUT’s measurement planes
with vector correction applied and measurement of the amplitude and phase of

intermodulation products.

-View and analyze dynamic memory signatures in non linear devices with vector

correction applied [14].

-Measure modeling coefficients and others nonlinear device parameters such as:
dynamic load line (I(t)-V(t) curves), a(t) and b;(t) time domain waveforms, X-

parameters[14],etc.
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In order to make all these time domain capabilities possible on a multiport VNA

system a proper phase calibration must be done. After a S-parameter and power calibrations

procedure one has got: (X;; = :i for x=k,I,m,h and i=1..n j=1...n) (see 3.20) and |kq4|
11

(see 4.5 and 4.15) respectively as output information. This information allows one to

rewrite (3.11) as:

a _E ; am
()= Gkulck| = = @) (4.16)
Where:
a1 Am1 by bm1
a={ ) an="]b={"]; bp=|"m
a, - by boun

(X = ;% for x=k,I,m,h and i=1..n j=1...n)

k44 stands for the phase of k4
As it is well known, after a S-parameter calibration procedure depending on whether

a full-leaky, half-leaky or non-leaky error model is chosen one gets respectively: (4n-1),

(2n2-1) or (4n-1) X;js error terms. At the DUT’s ports each incident (aj) and reflected (bj)
power wave can be written in the frequency domain from (4.16) as:
a; = (Ikiy | <E1) (Tfaq —hij @y + X Ly ) = (ki1 | ke (4.17)
by = (lki1 | L k1) (Bf=1 =My @y + X<y kij by ) = (Ik11| k1) by (4.18)
Where:

a; = a;(f):stands for the incident power wave to the i-th DUT port in the frequency

domain labeled as “f”.
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b; = b;(f): stands for the reflected power wave from the i-th DUT port in the

frequency domain labeled as “f”.

Where @; , b; and |ky;| are computed with S-parameter and power calibration’s
information and VNA’s readings. Obviously depending on the error model chosen during

the S-parameter calibration (4.17) and (4.18) become simpler.

Looking at (4.17) and (4.18), it’s easy to understand that by now, if one wants to
know a; and b; in the frequency domain one is required to know ~'k;; at each frequency
of interest, fortunately the phase calibration has this purpose. In a similar way to power
calibration, to carry it out one must consider two conditions: 1) when there are and 2) when
there aren’t measurement environment problems. It means, when measurement equipment
connectors can’t be physically connected to test ports (i.e. : probe tips in on-wafer
environments, special coaxial connector class, etc). This is an important fact, since the
approach to be used in order to perform the phase calibration procedure (proposed for the
first time in [15][16]) uses sampler-based time domain receiver [17] such as: Microwave
Transition Analyzer (MTA) or Sampling Oscilloscope (SO) to carry out phase

measurements, whose input port’s coaxial connector demands specific test port’s connector

type.

In the first case when mechanical connection problems are not present things are
very simple: One can get <'k;; from time domain receiver readings, however, some
considerations must be given to what one measures using a time domain receiver
(MTA/SO). A time domain receiver doesn’t separate the incident (V;*(z, f)) and reflected
(Vi (z, f)) voltage waves at its reference plane (z;) and measure them in separated way
such as a VNA,; instead of this, it measures the total voltage wave at its reference plane (z,)
defined as follow [11]:

Veei(Ze, ) = Vi (20, ) + V7 (20, ) = \[Zo(ar + by) (4.19)
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Where:

V,._i(z,, f):stands for the total voltage wave at the time domain receiver’s reference
plane in the frequency domain labeled as “f”.

z,. :stands for the reference plane of the time domain receiver (MTA/SO).

a,: stands for the incident power wave to the time domain receiver’s reference plane
in the frequency domain labeled as “f”.

b,: stands for the reflected power wave to the time domain receiver’s reference
plane in the frequency domain labeled as “f”.

Zy: the complex characteristic impedance of the transmission line at the time

domain receiver’s reference plane (often 50Q2).

On the other hand, it’s evident from (4.17-4.19) that ~V,_;(z,, f) must be known at
all frequencies of interest where S-parameter calibration was done in order to find <ky;.

To accomplish it one performs next steps:

-choose whichever “i-th” test port from the n available (used to connect the signal
separation section with the DUT’s port) to mechanically connect this port to the time
domain receiver (MTA/SO) as shown in figure (4.4).

- connect an HPR (as those described in chapter 1) which provides a rich in
harmonics signal with all harmonics of interest where one intends to characterize the DUT

(fo,2fp,etc), into the other side of the signal separation’s coupler (chosen previously).
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Figure 4.4 Phase calibration setup when gender connector problem aren’t present

In this way, because ~V,_;(z,, f) can be obtained from the time domain receiver’s
(MTA/SO) readings (see (4.19)), and VNA readings allow one to get @; , b; in the
frequency domain (see (4.17) and (4.18)), by combining both readings at the time domain

receiver’s reference plane (z;), when the time domain receiver is connected to the i-th test
port chosen previously (see figure 4.4) one gets:

Vr—i(zrrf) = \/Z—O(ar +b,) = \/Z—Okll(di + Bi) (4.20)

From which one finds easily <"k, as:

ZLkiy = NVp_i (2, f) — A(@; + b;) (4.21)
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From (4.21) it’s very important to note that:

- since b; and @; depend on both Am; and by,; (for j=1...n) VNA’s readings, the
latter’s phase information must be as accurately known (<@, <by;) as possible. As
pointed out in chapter I, this fact demands that the reference channel of the multiport VNA
system phase locks with an HPR signal which must be as phase-amplitude stable as

possible at each frequency of interest (see figure 4.4).

- z(ai + Bi) and V,_;(z., f) measurements must be done at each frequency
where one intends to characterize the DUT. The former requires more time than the latter,
due to the necessity of the VNA to phase lock onto each frequency of interest (fo, 2fo,etc) at
a time, whereas the time domain receiver (MTA/SO) measures all harmonic components of

the HPR signal inside its bandwidth simultaneously.

-the approach used in this thesis work, gets <"k, without demanding measurement
data of the HPR’s long-term characterization such as in LSNA and NVNA technologies
[18][19] which use it as a “phase calibration standard”. Specifically, these technologies, to
compute <'kq1 ,demand prior knowledge of the spectral components’ phase of the HPR
signal (Zas in figure 4.4) and the input reflection coefficient of the HPR (I's in figure 4.4)
at each frequency of interest, unlike, the approach used here which just demands an
amplitude — phase stable HPR signal (without pre-characterizing it) which can be obtained
easily with “in house made” HPRs built in the lab. In other words, k;;’s accuracy in the
approach used here depends on the VNA and time domain receiver’s capacity to carry out
phase measurements and the HPR’s short-term stability, connected to the R-channel and to
the i-th test port chosen, during phase calibration procedure (see figure 4.4). In contrast, in
LSNA and NVNA technologies ~ki;’s accuracy depends on the VNA’s capacity to
measure phase, the long-term stability of the pre-characterized HPR used as “phase
calibration standard” connected to the i-th test port chosen and the short-term stability of a
second HPR connected to the R-channel during phase calibration procedure.
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In the second case when mechanical connection problems are present things are
less simple: in this case it isn’t possible to directly connect test ports to the time domain
receiver (MTA/SO) such as in figure 4.4, for instance, this can occur in on-wafer
measurement environments where probe tips can’t be connected mechanically with say a
2.4mm coaxial connector from the time domain receiver input port. As in the power
calibration procedure it will be required to use the approach proposed in [10]. It means,
using (3.3) from section 3.2 applied to whichever port (among the n-1s available, called
auxiliary port) on the other side of the signal separation section’s couplers, where surely it’s

possible to connect the time domain receiver (MTA/SO) as shown in figure 4.5.

Furthermore, to simplify things it will be assumed a non leaky error model to

characterize H K, L, M (see equation 3.4) and D (see equation 3.3) matrixes. Obviously,

this is a compromise to simplify <k;;’s computation. So from (3.13) it’s evident that (3.3)

can be written for whichever i-th auxiliary port chosen as follow:

(ai—aux) — —hii—aux lii—aux ] (Z’Z:) (422)

bi—aux —Mji —qux kii—aux

Which after an S-O-L calibration procedure applied to the i-th auxiliary port chosen

it can be rewritten as:

(ai—aux

bi—aux

—h. L. Ami
): (|kii—aux|ﬂfii—aux)[_ﬁ{l e T (bml) (4.23)

ii—aux 1 mi

This allows writing the reflected (bi.aux) and incident (aj.aux) power waves at the i-th

auxiliary port chosen as:
Ai—qux = kii—aux (_hii—aux A + lii—aux bmi) = (lkii—aux |Aii—aux )ai—aux (424)

bi—aux = kii—aux (_mi—aux A + bmi) = (lkii—aux |Aii—aux)5i—aux (425)
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Figure 4.5 phase calibration setup when gender connector problems are present.

Where @;_p,, and b;,_,,, are computed by means of the S-O-L calibration’s

results applied to the i-th auxiliary port chosen (=R —gur s Licaux —Mii—aux) and from

VNA’s readings, |k;;_qu | 1S cOmpletely known from power calibration procedure.

In order to get <k;; _..,. Which will allow computing (<%4,) which is really needed,

it’s required to:
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-choose two ports among n available (used to connect the signal separation section
with the DUT’s port) and connect them by using a thru or a transmission line as shown in
figure 4.5.

- use the two adjacent ports of the signal separation section’s couplers : one to
inject the HPR signal and the other one to connect the time domain receiver (see figure
4.5). This is done, in order to set a power level at each frequency of interest (fo, 2fo, etc)

that can be measured by the time domain receiver (MTA/SO).

In this way, because V,_;(z,, f) can be obtained from the time domain receiver
(MTA/SO) readings (see (4.19)), and since VNA readings allow get @; , b; (see (4.17) and
(4.18)), by combining both readings at the time domain receiver’s reference plane (z),
when the time domain receiver is connected to the i-th auxiliary port previously chosen (see

figure 4.5) one gets:

Vi—i(zr, f) = Zo(ar + b,) = Zokii—_qux (b + @) (4.27)
From which one finds easily < 'k;; _ 4., as:
Zkii—aux = ZVr—i(zr' f) - Z(Bz + az) (428)

The same considerations pointed out for <'kq;’s computation, when gender
connector problems are not present given by (4.21), must be done on the k;_qux’s
computation given by (4.28): (L£a.,;, <bn;) accuracy , the HPR signal must be as phase-
amplitude stable as possible at each frequency of interest, A(b; + @&;) and <V, _;(z,,f)

measurements must be done at each frequency where one intends to characterize the DUT,

etc.

Next, in order to compute ~'kq; through ~k;;_,.. :0ne must characterize the

cables, through arm’s couplers, and connectors placed between the i-th auxiliary port
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chosen (used to connect the time domain receiver (MTA/SQO)) and the i-th test port (used to
connect the signal separation section with the i-th DUT’s port), by means of a S-parameter

matrix Sy (see red line in figure 4.5) defined as follow [11]:

() =5 () (4.29)

i—aux

On the other hand, with the assumption of a non leaky error model and after a

suitable S-parameter calibration, (4) can be written for whichever i-th test port as:

(Zl) =k I_‘Tf;‘ll If;iiiil (ZZ) (4.30)

In this way, by combining (4.23) and (4.30) S, can be found as function of <k, as:

|k11|Zk11) A
S,_ (— S._
s = r-11 Kicawe 77712 [Sr—11 Sr-12 431
— ( ii—aux )S\, o Sy_22 r—21 r—22
lk11l<k11 /T r
Where:
s _ hiilii e = bi i —aux
r—11 = < 7 ==
My by aue — KiiPii—qux
S _ RiMyi—qux — My
r—22 = T < = = =
Myi Lii—qux — KiiMii—qux
3 _ (liimii—aux - hiimii) - Sr—ll(kiimii—aux - mii)
r—12 — ~ ~

—~
(mii—aux lii—aux _hii—aux )
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N

)

~
ii—aux lii—aux _hii—aux )

— —
MiiLii—qux — Kii hii—aux)

L
r—21 (

The reciprocity condition applied to (4.31) establishes s,_,; = s,_1,, Which yields

k11 s ambiguity sign given by:

( Z{(;::—Zlé) kii—aux )2}

(
= 2 4.32
All i Z{(sr_m)(kii—aux )2} ( 3 )
T+ —

Sr—12

Because this ambiguity sign occurs at each frequency of interest (fo, 2fo, etc) it can
be handled by an approach software-hardware such as in [20], however this could be a time

3

consuming task. The strategy used in this thesis work (performed by “ in house made”
software) in order to solve <k;;’s ambiguity sign is quite different: it’s based on getting
£5,_91 = £5,_41, from calibration’s measurements at each frequency of interest (fo, 2fo,
etc). A reason to carry it out is that by combining T.11 from (4.14) and S;.1=S.1» from

(4.29) one can get k44 uniquely defined as follow:

T, 4y =——= (k “u )Tr—ll (4.33)

Sr—12 ii—aux

ki1 = Kij—qux — £Sr—12 — £ Tr1s (4.34)

Where:

7 _ R My —qupe — My
r=11 — | ~ o ™~

Mii —qux lii —aux _hii —aux
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It’s evident from (4.34) that owing to k;;_4,, and T,_;; are completely known after
proper power and S-parameter calibration procedures to get <%k only S, _1, = £5,_51 is
required at each frequency of interest (fo, 2fo, etc) which can be found through
A, 918,12} = £L8,_218,_12} (which is completely known from (4.31))as shown in

figure 4.6.

=>tg>0
Af Af \
mEi -) meﬁ_

Aep #\ N £5,8,=£51512=6,
f |
|

- =

/
/
/
/
/
|
|
|
| /
| /
| /
I /
I/
|/ —V
|
|
|
|
|
|
|

AG,
. Afmeas )
F|gure 4.6. 45,«_12 = ZST_Zl’S Computatlon through Z{Sr_21sr_12} = L{§r_21§r_12}

Where:

vi (m/s): stands for the velocity of propagation of the RF signal traveling through
cables, through arm’s couplers, and connectors placed between the i-th auxiliary port
chosen (used to connect the time domain receiver (MTA/SQO)) and the i-th test port (used to
connect the signal separation section with the i-th DUT’s port). It depends on the relative
dielectric constant (g;) of the dielectric material used in cables, through arm’s couplers, and
connectors. Since coaxial cables have the longest length in the path, (see figure 4.5) one can

approximate the overall v¢ as that of a coaxial cable given by [21]:

1
U}cz\/a

¢ = 0.69c (4.35)

Where it was accounted that the most common dielectric used to build coaxial
cables is the Polytetrafluoroethylene (PTFE) with a g=2.1.
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L (m): is the mechanical length of cables, through arm’s couplers, and connectors
placed between the i-th auxiliary port chosen (used to connect the time domain receiver
(MTA/SQ)) and the i-th test port (used to connect the signal separation section with the i-th
DUT’s port) (see figure 4.5).

The steps to get £S,_1, = £5,_5; through As,_»15,_12} = £8,_518,_1,} are

the following:

1-Given a frequency list which includes all frequencies of interest where one intends
to characterize the DUT (fo, 2fo, etc), due to the As,_5185,—12} = ASr_215—12}’s

frequency periodicity (Z—i) is often lesser than f, , then two consecutive points in the

frequency list (kfo, (k+1)fy) won’t be enough to compute S, _;, = £5,_,1. Therefore, an
additional frequency point (fx and/or fy) depending on a differential of frequency labeled as

“Afmeas” 1n figure 4.6 must be included in the frequency list.

2- Because Afmeas Will be used to compute the group delay (ty) introduced by cables,
through arm’s couplers, and connectors placed between the i-th auxiliary port chosen and

the i-th test port (see figure 4.5), it must be chosen lesser than s, »15,_12} =

A8,_215,_12}’s frequency periodicity (Z—’;) which by using (4.35) can be estimated as:
Dfeas < =~ 22 (MHz) (4.36)

3-Once As,_p185,_12} = £{8,_515,_12} is known at all frequency points in all
frequencies of interest (fo, 2fo, etc) , there will be exist two points in the frequency list
labeled as fopmax and fopmin Where s, 515,12} = £{8,_215,-12} has got a maximum and
a minimum value respectively, then one can compute the group delay (tg) introduced by
cables, through arm’s couplers, and connectors by introducing an additional frequency

point (fx and/or fy) into the frequency list so that:
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" 1 1 06y

_ 1 A6y
97 2 360°Afineqs

1
2 3602 Afmeas

(4.37)

Where:
9p = Asr—215r—12} = A8, 218,12}

Agpl - ep |f=f6pmax B Hp |f=fx =f9pmax +Afmeas
AG,, =0 -0
P2 p |f:fy :fepmin —Afmeas p |f:f6pmin
t, >0

4-Once ty is computed from (4.37), one gets easily £8,_i, = £5,_,; at all

frequencies of interest (required by (3.34) to compute k) as:
Zsr_lz = ZSr_21 = —3602 tgf (438)

Obviously (4.37) avoids a situation similar to that shown in figure 4.6 in red color,
where even if Afyc0s < Z—’; , It may occur that ty<0 and it ensures a situation similar to that
shown in blue color in the same figure where t;>0. On the other hand, one has to account
that since <{s,_»15,_12} = £{8,_218,_12} springs from (4.31) the power and S-parameter
calibrations procedures must be performed also at f; = (fopmax + Afimeas) andlor f, =

(fopmin — Ofmeas ) NeW additional frequencies in order to compute tq properly.

It’s important to note that, independent of whatever mechanism is used in order to
solve the k;’s ambiguity sign, it’s clear from (4.34) that _%k;’s uncertainty when
gender connector problems are present depends on the kq;’s uncertainty when there
aren’t gender connector problems (included in ~k;;_,, term) and in addition on the

uncertainty of the S-parameter calibration and SOL calibration performed at the i-th test
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port and at the i-th auxiliary port chosen, respectively. This occurs in a similar way in
LSNA and NVNA technologies when gender connector problems are present [20][22]:
k11 s uncertainty depends on all those factor included when there aren’t gender connector
problems (included in <k;;_,.. = <T term) and in addition on the uncertainty of the S-
parameter calibration, and SOL calibration performed at the test ports and at RF input port
1, respectively . Then differences between the approach used here to perform the phase
calibration procedure and that used in LSNA and NVNA technologies are basically: the
uncertainty terms that might affect respectively ~k;;_,.. and T phases, which can be

significantly different.

On the other hand, note that (4.20) and (4.27) can in principle also be used to find
the amplitudes of ki3 and Kii-aux respectively. Although this practice can be considered in the
future, this is at present not done for the following reasons [21]. It is not easy to accurately
determine the voltage of each spectral component of a reference generator (V,_;(z,, f)).
Two methods can be considered: measurement with a spectrum analyzer and measurement
with a time domain receiver (MTA/SO). Concerning spectrum analyzers, there is a problem
of accuracy. A typical specification for state-of-the-art RF spectrum analyzers is an error of
about 0.5dB, which is considered to be too high for our application. Concerning time
domain receiver (MTA/SO) measurements, one would have to take care of jitter effects,
especially considering that the gain of the time domain receiver’s samplers is slightly
sensitive to temperature variations (this is due to the fact that a diode characteristic is
dependent of temperature). This sensitivity is much less for the phase distortion of the time
domain receiver which is primarily determined by the transmission path from the input
connector to the sampling diodes. Therefore, only AV, _;(z,, f) term was considered known
in (4.20) and (4.27).

In this way, after rights S-parameter, power and phase calibration procedures the

total voltages and current waves traveling to/from each i-th DUT’s port can be determined
in both frequency and time domains as follow [11]:
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a;(t) = § (kg1 |Lkyp)a;} (4.39)
bi(t) = F H(lk11|<k11)bi} (4.40)

Vi(zi, f) = \[Zo(a; + b)) = JZo(lky1 | < k11)(@; + b)) (4.41)

Ii(z;, f) = % = (Ik111<kq1) (d&;—lji) (4.42)
Vi(zit) = § 1 Zo (ki1 | < k1) (@; + b)) (4.43)
I.(z;,t) = 8:_1{(|k11|1k11)(5i—5i)} (4.44)

NS

Where:

a; = a;(f):stands for the incident power wave to the i-th DUT port in the frequency
domain labeled as “f”.

b; = b;(f): stands for the reflected power wave from the i-th DUT port in the
frequency domain labeled as “f”.

a;(t): stands for the incident power wave to the i-th DUT port in the time domain
labeled as “t”.

b;(t): stands for the reflected power wave from the i-th DUT port in the time
domain labeled as “t”.

V;(z;, f):stands for the total voltages wave to the i-th DUT port reference plane (z;)
in the frequency domain labeled as “f”.

I;(z;, f): stands for the total current wave to the i-th DUT port reference plane (z;) in
the frequency domain labeled as “f”.

V;(z;, t): stands for the total voltages wave to the i-th DUT port reference plane (z;)

in the time domain labeled as “t”.
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I;(z;,t) : stands for the total current wave to the i-th DUT port reference plane (z;)
in the time domain labeled as “t”.

&1 stands for the inverse discrete Fourier transform (IDFT).

FHX()) = x(t) = Re{Xpm% X(hfy)el 7hfot} (4.45)
Where fp =fundamental frequency

This general approach to compute <k;; can be applied to whatever number of
setup’s ports (n), either having or not having mechanical constrains, to connect the time
domain receiver (MTA/SO) to the test ports. For instance, when characterizing Differential
Devices (4 ports) or single end Devices (2 ports) in on-wafer or mm-coaxial environments.

Figure 4.7 shows the phase calibration’s flowchart.

In this thesis work all experimental result presented in chapter VI required the phase
calibration procedure which was performed by using Microwave Measurement Software
MMS-NT[12]: a powerful 32-Bit Visual C++ written windows application which based on
(specified by the user): 1) port number where the HPR signal is connected 2)auxiliary port
number and its connector type (if needed) or simply the test port number where connect the
time domain receiver (MTA/SO). The MMS-NT cal software : 1) if auxiliary port is
required it asks the user to perform and acquire phase measurements in correspondence to
the time domain receiver’s connection to the auxiliary port chosen previously (see figure
4.5). Otherwise if auxiliary port is not required 2) it asks the user to perform and acquire
phase measurements in correspondence of the time domain receiver’s connection to
whichever test port among to the n-1s available as shown in figure 4.4. Obviously to
carrying out phase measurements MMS (via PC) synchronizes itself with the time domain
receiver (MTA/SO).(see appendix A)
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CHAPTER V

HARDWARE IMPLEMENTATION

“Another important area of future research is the non-linear performance of a differential
circuit....Measurement methods and systems for non-linear behavior in differential circuits
are also needed.” David E. Bockelman May 1997.
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5.1) ACTIVE DIFFERENTIAL LOAD AND SOURCE PULL SYSTEM

The Differential Load and Source Pull system used in this thesis work was that
proposed for the first time in [1] and subsequently used in [2] to characterize and optimize
two power-dependent DUT’s performances such as: Power Added Efficiency (PAE) and
the differential power gain (Gpp) of an inverse class F power amplifier. In contrast with
some passive systems proposed in [3-5] this active system allows real harmonic mixed-
mode reflection coefficient’s control, specifically: it allows pulling Iip, Iy, 1o, Ip
independently at a given i-th harmonic of interest and keeping them constants under CW
input power sweeps at fundamental (fp). Furthermore ,this hardware coupled with an “in
home made” software allows, true differential and/or common modes characterization in
both frequency and time domains, being able to obtain power and time domain waveform
dependent DUT’s performances. The high speed of the VNA joined with the in-line
measurements of all DUT’s performances, gave to this system the name “real-time”. Before
carrying out any measurement one is required to perform a proper S-parameter, power and
phase calibration procedures, in order to obtain full vector corrected measurement data in
both time and frequency domains. In this sense the calibration procedure involves just the
hardware in red color in figure 5.1, which shows the block diagram of the overall system.
The former is in contrast with [3-5] where tuner pre-calibration is mandatory.

In this section each section of the overall system will be described briefly, these are

basically:

-Stimulus Section

-Adder Single-ended Section

-Single-ended coupler Section

-I's Measurement Section

-Single-ended to Mixed-Mode De-coupler Section
-Harmonic Mixed-Mode Path Section
-Mixed-Mode to Single-ended Coupler Section
-4-port vector network analyzer system
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4-port VNA system
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Figure 5.1 Differential Load and Source pull system used in this thesis work.

At the end of this section some practical aspects will be pointed out related to the
VNA'’s reference channel phase locking and its relationship with the drift errors, which are
crucial in order to perform reliable measurements when using the four-port vector network

analyzer system shown in figure 5.1

5.1.1) Stimulus Section

This section is used to drive a true-balanced differential stimulus to the differential
device under test (DDUT) at the fundamental frequency of interest @ CW. It’s built by
using a CW microwave generator whose output power is tuned via PC. This tuned power is
split and routed into two different physical paths in order to introduce different electrical
delays producing two single-ended signals with 180° of phase difference and with the same
amplitude. These tasks are performed by using a 180° 3dB hybrid power splitter, which
splits the RF signal into two signals with nominally equal amplitudes and 180° phase
difference, thus generating the differential-mode RF stimulus signal. Note that the 3dB

hybrid has its unused port terminated in 50W load (see figure 5.2). Furthermore, by
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interchanging the RF signal and termination , the 3dB hybrid again splits the RF signal
into two signals, in this case with nominally equal amplitudes and 0° phase difference, thus

generating the common-mode RF stimulus signal.

p/2

P
——————————(
@. A 180°}j:> To Adder
single-ended
CW generator § z 0 p/2 section
@ fo

Figure 5.2 Stimulus Section

The most important specification of the 180° 3dB hybrid power splitter’s are: its
magnitude and phase balance, as was proven in [6] these specifications influence its
Common Mode Rejection Ratio (CMRR), in other words, its capacity to also produce
common-mode excitation (under a given single-ended signal applied to the input) to the
DDUT input. In this sense, one has to take care to maintain a balance (in amplitude and
phase) from the hybrid ports to the DDUT’s input ports. However, depending on the
DDUT’s nature (its mode conversion behavior) one might stimulate it with a simple single-
ended excitation [7]. This will be useful to characterize the power or time domain
dependent differential performance, in other cases, one can implement more sophisticated
true differential or common mode stimulus such as that proposed in [8] to characterize

more specific DDUT.

5.1.2) Adder-Single-ended section

It’s the most simple one and its function is to add the voltages outgoing from both
the Mixed-Mode to Single-ended de-coupler section and from the Stimulus section in order

to produce a signal whose harmonic content is the sum of the fundamental (fo) and that

produced by the Harmonic Mixed-Mode Path Section (k.fp). It’s made up of two 3dB power
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splitters whose more important specifications are their magnitude and phase balance. (See
figure 5.3).

From stimulus section

To 4-port

VNA system
From active loops
E £$

Figure 5.3 Adder single-ended section

5.1.3) Single-ended-Coupler Section

Its function is to separate all reverse (at the DDUT’s output and at the DDUT’s
input) signals at each single-ended port (i.e. nodal waves) [6] and route them to the Single-
ended to Mixed-Mode De-coupler Section. (See figure 5.4). It consists of a directional
coupler at each single-ended port of the DDUT.

From DDUT’s ports/
From I's measurment

§ section

From 4-port ~bi+1
VNA system

Figure 5.4 Coupler-single-ended section
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5.1.4) I's Measurement Section

It’s made up of a pair of directional couplers at each single-ended input port of the

DDUT. In this way, by injecting signal from an external source as shown in figure 5.5 one

can compute I, = Z% orlp = % @ kfo. Obviously the latter assumes a low reflection at

each single-ended input port of the DDUT which otherwise can be used to compute the
differential and common mode source reflection coefficient directly by using a; and b; from
the DDUT. However, there is another approach to measure the source reflection coefficient
based on measuring a; and b; under two different DDUT’s bias conditions [9] but this is a

time consuming task.

External Source @kfo

&

v
.—%X:igo
From Coupler-single A 4 To DDUT'’s
-ended section ports

Figure 5.5 I's Measurement section

5.1.5) Single-ended to Mixed-Mode De-coupler Section

In this section the nodal waves are combined, in accordance with (5.1) and (5.2), in
180°-3dB hybrid couplers, each providing a (nominal) sum and difference between the
corresponding nodal waves. The outputs of these couplers are proportional to the
differential and common-mode normalized power waves (bpi, bci, bpz, be2) [6] to

subsequently route them to the Harmonic Mixed-Mode Path Section (see figure 5.6).
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1
bpy = —(bl — by)
A

1
bp; = = (b3 — by)
V2

oc bl{
o bz{

bcr = %(bl + b,)

bez = 75 (b3 + by)

(1L80°

OD

180°-3dB hybrid
coupler

Figure 5.6 Single-ended to Mixed-Mode De-coupler Section

Al e %(b1 “b,)
= e 04,

(5.1)

(5.2)

The hybrid coupler’s specifications are crucial in order to guarantee a good isolation

between differential and common modes, on other words, it must be as an ideal balanced 4-

port device as possible (no mode conversion Spc = S¢p = 0) [6].

5.1.6) Harmonic Mixed-Mode Path Section

Its function is to modify modulus (|.|) and phase () of the differential and common-

mode normalized power waves (bp1, bci, bp2, bcz) outgoing from the Single-ended to

Mixed-Mode De-coupler Section, but only at given harmonic frequency of interest (kfo). In

this way new modified differential and common-mode normalized power waves ( bp;’,

bci’,bp2’ bez’) are obtained. It is basically an improved version of that proposed in [10]. It

consists of a chain of circuits establishing a signal path. Its first three circuits are controlled

via PC (see figure 5.7):

Attenuator

Phase
Shifter

YIG Filter

From single-ended
to mixed-mode —p»
decoupler section

T

|

——Pp P

From PC

Amplifier

AipP

Isolator

—»
4

4_\7

To mixed-mode
—» to single-ended
coupler section

Figure 5.7 Harmonic Mixed-Mode Path Section
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5.1.6.1) Variable Attenuator

Reduces the power level of the broadband signals (bpi, bci, bp2, be2). The selection
of attenuators for use in this case is generally the easiest of the specification tasks. Because
bench testing requirements may vary considerably from project to project, the objective in
specifying attenuators for these applications will normally be to provide the broadest
possible range of project requirements. Characteristics involved in this concept of
versatility will be [11]: broad bandwidth, large attenuation range, high accuracy, longevity

of connectors.

5.1.6.2) Phase Shifter

Are used to change the transmission phase angle of the broadband signals (bpa,
bci, bpz, be2). Ideal phase shifters provide low insertion loss, and equal amplitude (or loss)
in all phase states. Although the loss of a phase shifter is often overcome using an amplifier
stage. The phase shifter in the chain is controlled digitally. Digital phase shifters provide a
discrete set of phase states that are controlled by using a digital word, however, their

mechanism to change the phase may be mechanical or electronic.

5.1.6.3) YIG-tuned filter

Is a band pass tuned filter which allows to pass the differential and common-mode
normalized power waves (bp1, bci, boo, beo) at a given k-th harmonic of the fundamental
(kfo) to the amplifier. It’s based on Yttrium Iron Garnet (YIG) technology: a crystal that
has very high Q characteristics. This high Q provides multi-octave frequency tuning for
filters. YIG is a ferrite material that resonates at microwave frequencies when immersed in
a DC magnetic field. This resonance is directly proportional to the strength of the applied
magnetic field and has very linear “tuning” over multi-octave microwave frequencies. The
DC magnetic field is generated using an electromagnet, a permanent magnet or a
combination of both. The magnetic field of an electromagnet can be “tuned” using a

variable current. Figure 5.8 illustrates a typical YIG filter magnet. In general they are

87



Hardware Implementation. Chapter V

controlled by a digital command to tuning current or voltages by using a digital driver
which is basically an analog driver with a D/A converter at the input.

0 dB |

Magnet Pole _ 10 MHz/division |
SMA YIG FILTER SMA S
i v 0
IN MAINCOL| " olReurT ™A™ Y ouT s 7 o
T ' T S Va N
&‘.'.‘.‘I'.'It'w. | | ﬂuaﬂuk'.‘.'.\ﬂ 2 ( \
o~
MAIN coiL MAIN coil g \
LI: I
Magnet Pole g \
k=4
< \

“imy

Figure 5.8 Typical open-loop Y1G-tuned filter cross section (right) and its typical 3dB bandwidth and
insertion loss @12GHz(left).

They can be implemented in open loop (as in figure 5.8) and in closed-loop (see
figure 5.9). The former requires manual or computer controlled recalibration during test or
after changes in the test parameter, its 3dB bandwidths are up to 15-25 MHz and provides a
not predictable center-frequency tuning repeatability [12-13] ; the latter by using frequency
discriminator technology, doesn’t require recalibration, guarantees 3dB bandwidths lesser
than 20 MHz, and provides a center-frequency tuning repeatability within 0.5 MHz
(equivalent to less than 0.1dB variation). However, the application field will decide finally

what type of technology is the minimum needed to guarantee a good accuracy.

Common Magnet

RF Input YIG Filter
RF

ol ol of o
% XK I R @ Output
— T

RF Reference Circuits

Reference
Input
jr

o—\ Loop Circuit
Hold Error Signal —0 Lock

Control Indicator

Driver
Circuit

i Filter
Coarse Tune

Figure 5.9 Block diagram of a closed-loop Y1G-tuned filter.
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Taking advantage of its abrupt phase response between its 3dB band pass these

kind of filters can be used to electronically fit the phase in the signal path.

5.1.6.4) Amplifier

Its function is to amplify the tones of the differential and common-mode normalized
power waves (bpi, bei, bpz, bey) at a given k-th harmonic of the fundamental (kfo) outgoing
from the YIG-tuned filter in order to increase their amplitude. The most important
specifications are high linearity in order to not introduce spurious responses into the signal
path and a flat AM-PM response in order to not introduce undesired phase shifts into the
signal path. In practice, an amplifier can be used to amplify more than one tone at a time as

long as these are from the same mode (.i.e. bpy @2f, bp; @fo).

5.1.6.5) Isolator

Reduces the multiple reflections between the amplifier’s output and the Mixed-
Mode to Single-ended Coupler Section that might affect the amplitude and phase responses
of the signal path [14], and also in order to protect the amplifier from the incident power

toward its input.

In this sense it’s important to emphasize the fact that, since all the networks in the
signal path’s chain are linear (cables, amplifier, filter, etc) one must as much as possible
guarantee impedance matching between each pair, and to reduce the physical lengths of the
chain to improve the flatness in the whole amplitude and phase responses of the signal
path[14][10], which influences the magnitude and phase of the DDUT’s reflection

coefficient when multicarrier signals are used to stimulate the DDUT.

5.1.7 Mixed-Mode to Single-ended Coupler Section

In this section the modified differential and common-mode normalized power waves

(bp1’, ber’, bp2’, be2’) @ k-th harmonic of the fundamental (fy) are combined, in
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accordance to (5.3) and (5.4), in 180°-3dB hybrid couplers , each providing a (nominal)
sum and difference between the corresponding modified differential and common-mode
normalized power waves (see figure 5.10). The outputs of these couplers are proportional
to the modified nodal power waves ( b1’,bz’,bs’ by’ ) [6] to subsequently route them to the
DDUT’s ports to make it “see” a differential and/or common mode reflection coefficient

which can be equal or even larger than one.

12 1 ! ! ! 1 ! !

b," = ﬁ(bm + bey') b," = ﬁ(bm —bp1) (5.3)
7 1 ’ ’ ! 1 14 !

by’ =7+ (bp2" + bea") by =57 (bc2’ — bpz) (5.4)

oc bc1{ 0° A :l—V € —= (bc1 Po1)

180°-3dB hybrid
coupler

o« by, 180° 2:‘_’“ (b 1 +Dbpy)

Figure 5.10 Mixed-Mode to Single-ended Coupler Section

Once again the hybrid coupler must be as balanced a 4-port device as possible to
ensure isolation between modes which is crucial in order to guarantee true differential and
common mode control in the DDUT.

To summarize, in this way each signal path acts independently on the differential
and common modes at the DDUT’s inputs and/or at outputs. Furthermore, this new active
load architecture is inserted in a particular manner inside the overall measurement system:
note the position of the loop couplers (Single-ended-coupler Section), as close as possible
to the DDUT, and the measurement coupler (inside the 4-port VNA system) inside the loop.
This technique is crucial to avoid loop oscillation and it has been patented for single-ended

active loop [15].
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5.1.8) Four-port vector network analyzer system

Its function is basically to sample the incident (a;) and reflected (b;) nodal waves

from each DDUT’s single-ended port and route them to the receiver channel and finally

send the measuring waves’ information (ami, bmi) to the PC through the GPIB bus. It’s

made up of three part as shown in figure 5.11:

5.1.8.1) Switch Unit

Used to expand the commercial two-port 8510C VNA [16] up to 4-port [17]. In this

unit also each single-ended reflected and incident wave is routed at a time to the 8511A

frequency converter module by using SPnT high isolation switches (see figure 5.12).

510 INTERCONNECT

GPIG

BUS

8310
S EINTERCOMMECT

e —— INTER-
oo oo oo oo
== pp oo oo oo HP 3102

v BlIS I
HP Oo11A Frequency COMNECT
- Converter (modified)
=]

oooe o o @ @ IF DETECTOR

——

From PC's RS-232
interface

Switch Unit
MMS0518D
(modified)
@

Figure 5.11 Four-port VNA system
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5.1.8.) 8510C Network Analyzer System

Is the heart of the measurement system providing “real time” capability to the
overall system. It includes: 1) a sweeper synthesizer generator with frequency range from
0.01 up to 40GHz used during S-parameter calibration, power calibration and S-parameter
measurements; 2) A very fast Frequency Converter with frequency range from .045 up to
26.5GHz, used every time. However, during S-parameter, measurement it phase locks itself
to the sweeper synthesizer generator (see blue-dotted-line in figure 5.12), otherwise it phase
locks itself using external triggering from the harmonic phase reference by choosing a
proper HPR’s harmonic near to the frequency where one intends to perform a measurement

(see red-doted-line in figure 5.12).

5.1.8.3) Harmonic Phase Reference (HPR)

Generates a stable-phase frequencies “comb” to be used for 8510C VNA’s phase
locking. It’s used during phase calibration, and when characterizing active components in
nonlinear mode of operation, allowing one to measure impedances, power and time-
domain-dependent DDUT’s performances at fundamental and harmonics , its phase
behavior is crucial to the success of this kind of measurements to have good levels of

accuracy.

5.1.8.4) R-Channel Phase-Locking considerations

In the 4-port VNA system shown in figure 5.12 when single or two tone tests are
performed, the VNA system is used as a very fast receiver, using the frequency list routine
to measure the DDUT’s incident and reflected waves according to (4.1) and (4.2) using
external triggering (HPR) after a proper s-parameter, power and phase calibration. This
requires in general: 1) to introduce an external signal into the frequency converter’s
reference channel of the VNA system (a; or a; in figure 5.12) 2) to introduce the DUT’s

incident and reflected waves into the frequency converter module (b in figure 5.12) by
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Figure 5.12 Four-port VNA system in detail.
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using a proper signal separation section (switch unit). Both HPR and DUT signals must

fulfill the next requirements so as to guarantee reliable measurements:

5.1.8.4.1) Power Levels

Often the frequency converter receiver demands a maximum and minimum power
level in order to guarantee its mixer/sampler’s linearity and phase lock. For the HPR signal,
certain requirements must be met so as that the R channel phase locks properly. First, the
signal into the R channel must be within a specified power level throughout the entire HPR
signal’s bandwidth range otherwise proper phase lock will not occur. Obviously since, the
HPR signal is a broadband one, proper filtering and/or attenuation at the R-channel port is
essential [18], in order to guarantee R-channel phase lock (see table 5.1) throughout the
entire frequency range of interest, while ensuring HPR’s minimum input power

specification (see figure 5.13).

Input Ports

Connector type: female 3.5 mm

Impedance: 50 ohms nominal

Damage level: 43 dBm (20 mW) CW RF input?

Port input power for phase lock: Frequency: Minimum: Maximum:
0.0451t0 8 GHz 40 dBm -5 dBm
8 t020 GHz -38dBm -5 dBm
2010 26.5GHz -35 dBm -5 dBm

1. The performance parameters listed are characteristic of the HP 8511A/HP 8510. They are typical or nominal figures and are not field verifiable.
2. Do not exceed -5 dBm input to sampler for proper phase lock operation.

Table 5.1 HP 8510/HP 8511A Frequency converter Characteristics

For the DUT’s signal (because phase lock is no matter) this can mean simply adding
attenuation between signal separation section’s output and the input of frequency converter
port to protect the receiver. However, when characterizing hardly nonlinear DDUTSs also
proper filtering might be required in order to reduce the power in the frequency band of
interest. It can also mean adding amplification to the stimulus signal if more power is

required.
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Figure 5.13 Power level on R-channel to guarantee phase lock.

5.1.8.4.2) HPR stability

For the 4 port VNA system in figure 5.12, the use of an accurate, stable HPR signal
is required for accurate magnitude and relative phase measurements (power and time
domain dependent DDUT’s performances). During a measurement the VNA will seek
phase-locks automatically at a time onto each frequency of interest stored in its internal
frequency list (which includes all frequencies of interest f,, 2fy 3fo, 4fy etc). Therefore, if
the HPR signal is not accurate, the VNA will not receive the anticipated frequency of its
internal frequency list due to (see figure 5.14): 1)The HPR might change its power level at
a given harmonic of interest ; 2) it might change its phase relationship respect to the input
frequency (f;) abruptly 3) or worse it might provide a frequency too far from that desired by
the VNA frequency list. In the first and third cases, phase lock can possibly not even occur.

In the second case, that inaccuracy is transferred to the measurement results.

8511A/B RECEIVER CHANNEL 851028

@—> HPR —» BPF/LPF —»| Attenuator

frnax
Zp(f) < I:;ample_rmax /\P(f) 2 F;ample_rmin
f=fin

Gl VAN L N DO

Ymin» fmax frequency & PHASE LOCK

<» Power Drift
<» Phase drift

Figure 5.14 HPR signal imperfections.

<» Frequency drift
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This HPR signal accuracy and stability requirement can be explained with the help
of the figure 5.14. As the HPR signal is present at the R-channel, the 8511A frequency
converter is stepped through its internal frequency list range (i.e. fo, 2fy 3fy 4fy etc). The
8511A frequency converter phase-locks onto the nearest incoming k-th harmonic of the
input signal (kf;) and down converts it to 20 MHz. This 20 MHz signal continues on, inside
the 8510C, and is further down converted to 100 kHz. The 100 kHz signal is then processed
by the 8510C internal computer to extract information about the original k-th harmonic

signal (kf;). This information is sent to the PC.

Therefore, the HPR signal must be as stable and accurate as possible in order to
provide the k-th harmonic of the input signal (kf;) signal so that, this will be properly near
to the frequency in the internal frequency list. If the k-th harmonic of the input signal (kf;)
is too far from the expected receiver’s frequency (i.e. fo, 2fy 3o, 4fo |, etc), then it might lie
outside the acquisition range of the PLL. The phase-lock algorithm will not work and a
phase-lock error is displayed. However, the latter can be avoided by using the frequency to
drive the HPR (f;) as an integer multiple of the fundamental (fy) which one intends to
characterize the DDUT. However, since the 8511A is a sampler-based receiver, care must
be taken to know how small f; could be. In this sense, one has to account for the method
that is used to down convert the original HPR signal to 20 MHz in figure 5.14, it is the
sampling method which presents all the frequency harmonics of the test set voltage tuned
oscillator (VTO) to the incoming HPR signal (see figure 5.14). The VTO is pre-tuned and
phase-locked so that one of its harmonics is mixed with the incoming HPR signal to give
exactly 20 MHz. An internal 20 MHz band pass filter (BPF) stops all other f;’s harmonics
and VTO’s harmonics, which are not at 20 MHz. However, since the incoming HPR signal
is actually composed of many different frequency components, it is possible that: 1) the
BPF allows to more than one f;’s harmonic to pass through it, this can be avoided, if f; is
greater than the BPF’s pass band (10MHz in figure 5.14). 2) Other components of the HPR
signal will combine with a different harmonic of the VTO and also produce a signal at 20
MHz. This spurious response will then proceed through the internal 20 MHz BPF, along

with the desired signal, and cause a spurious measurement result that subsequently might
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affect the relative phase measurement’s accuracy (time domain based DDUT’s
performances). This spur problem can be handled in software [19].The other remaining

problems related with the HPR signal stability will be treated in the next section.

5.2) DRIFT ERRORS

They are errors due to the instruments or test-equipment changes before, during or
after error correction procedure, so they cannot be removed from the measurements or
measurements carried out during calibration procedure. They are primarily caused by
temperature variation and some of them can be removed by additional calibration. The rate
of drift determines how frequently additional calibrations are needed. However, by
constructing a test environment with a stable ambient temperature, drift errors can usually
be minimized. Drift error has two categories: frequency and phase drift of the signal source
and instrumentation drift. In this section the former will be described. In figure 5.12 there

are basically three types of signal source used by the four-port VNA system [20]:

e CW Generators (to provide power to both the DDUT and the HPR)
— to generate a single frequency, fixed sine wave.
e Synthesized Sweeper Generators (inside the 8510C VNA system)
—to sweep over a range of frequencies
— may be phase continuous
e “Comb” Spectrum Generator (HPR)[21]
-Frequency, amplitude and phase calibration of broadband receivers.
-Generation of local oscillator in a totally coherent system.
-Frequency marking.
-Generation of reference frequencies for phase locking systems.
-Sampling phase-lock systems as a gating pulse or as the local oscillator.
It produces simultaneously a line at each multiple of a given input frequency f;
(from a CW or Swept generator) [22]. They are built by using active devices which can
change the reactance between two terminal among two different states abruptly (see figure
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5.15). Some technology that is used for this purpose are: Step Recovery Diodes, Non
Linear Transmission Line, Indium phosphide monolithic microwave integrated circuit [23],

etc.

5.2.1) Frequency Drift

As CW and Sweeper Generators depend of the internal or external stable reference
oscillator’s precision used in the test bench (each instrument has one) which depends on the
temperature and its long-term stability [24]. References, usually at a frequency of 10 MHz,
are implemented as temperature-compensated crystal oscillators (TCXO) or oven-
controlled crystal oscillators (OCXO) as shown in figure 5.16. The long-term stability is
only effective, however, if the instrument remains permanently switched on [25]. If the
instrument (or the OCXO) is switched off and on again, measurements take place whereby
the oscillator frequency assumes another value. So, it is good practice to select among all
the test bench’s measurement equipment that is available, which will be the best used as a
frequency reference. If the measurement application requires better frequency accuracy and
stability, one can override the internal frequency standard and provide other own high-
stability external frequency.

Reference Section

:- | to synthesizer section
I

1 divide

I

1
|
Phase f\/ t
Dietector | by X
Optional External Reference L———
Imput Reference Oscillator (TCXO or OCX0)
TCX0 0CX0
Aging Rate +/- 2ppmlyear +1-0.1 ppm fyear
Temp. +/- 1ppm +/-0.01 pprn

Line Voltage +/- 0.5ppm +(-0.001 ppm

Figure 5.14.Block diagram of a Generator Reference Section
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On the other hand, for “comb” spectrum generator, because it is driving using a
CW or Sweeper generator, the former’s frequency drift specification depends upon the
latter’s frequency drift specification, assuming no-frequency modulation effects on the non-

linear device used to build the “comb” spectrum generator.

5.2.2) Phase Drift

Includes: -phase noise (specified at a given frequency and at a given frequency
offset in respect to the carrier) as shown in figures 5.17,5.18;- phase stability (by keeping
temperature controlled); -phase temperature sensitivity; -phase input power sensitivity; -
phase harmonic input and output impedance sensitivity [26], and -output phase noise due to

changes into the input phase noise [27].

For Synthesized Sweeper Generators or CW generators often it’s only specified by
the phase noise, because they don’t generate a broadband signal at their output, in other
words, they generate a narrowed frequency signal one at a time (see figure 5.17), unlike
“comb” spectrum generators, which generate a broadband signal simultaneously, it means,
it generates simultaneously a lot of narrowed frequency signals at each line multiple of the
input frequency, so that in this type of generator it’s crucial knowing its behavior when

different conditions change (see figure 5.18).
5.2.2.1) Phase noise

Is spread power over a small range of frequencies around the carrier due to random
noise, and is mathematically modeled as random phase modulation. Its units are [dBc/Hz]:
dB down from the carrier in a 1 Hz bandwidth. Phase noise is specified at a frequency
offset from carrier output. Phase noise may be directly measured from the spectrum of a
source. This method requires that the phase noise of the analyzer be much better (~10dB)
than the phase noise of the source being tested. Often, the phase noise of a source is

measured using test equipment that has been optimized for this purpose.
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Figure 5.17 Synthesized Sweeper Generator’s line spectrum under two node of operation, and phase nose

“Comb” Spectrum
Genartor:Output frequecies

specification.

v

Phase Noise @nfi@Af
[dBc]

Carrier (nfi)

-4— Af=Frequency offset
respect to the carrier

i

fifin

Figure 5.18 “comb” spectrum generator’s output line spectrum, and phase noise.
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One has to account that as shown in figure 5.15, the “comb” generator’s phase noise
specification depends on the input source phase noise [27], so it’s good practice drive them
by using low phase noise sources, so that, it may operate at a lower f; frequencies. Figure
5.19 shows the phase noise that a comb generator would add to a typical source by plotting
the added dB of phase noise for different sources with various amounts of phase noise. This
plot assumes that the actual phase noise of the comb generator is fixed to 148dBc/Hz, the
number may in fact be lower or higher depending on the comb generator. The plot shows
that for a 180dBc/Hz 100MHz source, the added phase noise would be less than 1dB. This
data demonstrates that the added phase noise is basically negligible for most practical

sources.

\ — 100MHzZ Sounce

o — 200MHz Sounce

\\ — 300WHz Sounce
) \ \

-180 -175 -170 -165 -160
Source Phase Moles (dBc)

A

BAdded dB8 of PFhase NMokse

Figure 5.19) Comb Generator output phase noise due to changes on phase noise at the input

Figure 5.20 shows the phase noise specification of a commercial Non Linear
Transmission Line (NLTL)-based “comb” generator (blue line), driven with a CW
generator at a given input power (not shown in figure). Red line is the comparable phase
noise that a crystal oscillator (165dBc/Hz phase noise at 10 kHz) would have if multiplied
up to the same harmonic with 20logi{in) rule. This shows that the measured residual phase

noise is well below the phase noise due to such a source at the same harmonic.
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Figure 5.20.Measured Residual Phase Noise of a commercial comb generator (blue line).

5.2.2.2) Others terms of phase drift

As discussed earlier for comb generators, it’s crucial to know the parameters such
as: phase stability (by keeping temperature controlled), phase temperature sensitivity, phase
input power sensitivity, phase harmonic input and output impedance sensitivity. This
guarantees that during error correction procedure and measurements, the phase of the
reference signal used by the VNA system doesn’t change or if it changes, its changes are

negligible .

The synthesizer sweeper generator loses the synthesized frequency’s phase, sweep
to sweep and it cannot be used as a generator which keeps its phase constant in respect to
the time. Hereby one must generate simultaneously all the measurement frequencies of
interest by using a “comb” spectrum generator and be sure that this way of frequency
generation guarantees a well known phase stability under the above conditions. Figure 5.21
shows a comparison between two different commercial “comb” generators (black and red
line) under different conditions of operation that one can perform easily in a lab in order to
characterize a HPR. This analysis includes time and frequency domain measurements and
the measurement’s statistical analysis (for each experiment their 1-c standard deviation

(straight line) are shown as a function of time only for phase versus frequency graphs).
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Figure 5.21 Comb generator’s tests

However it’s important to point out that depending on the calibration strategies used
in order to perform the phase calibration (<kq1’s or <k;;_gs. s computation) they will
determine what kind of HPR’s pre-characterization will be needed and the minimum
needed to guarantee good levels of accuracy. For instance, technologies such as LSNA and
NVNA [28][29] used to characterize RF devices in non linear region of operation demand a
deep knowledge of the HPR.

5.3) HARMONIC PHASE REFERENCE (HPR) IMPLEMENTATION

The Harmonic Phase Reference used in this thesis work was constructed as depicted
in figure 5.22. The key component is a commercial diode based-detector used as a
nonlinear device in order to generate a stable phase-amplitude frequencies’ “comb” up to
the fifth harmonic of the fundamental (5fy) which will be used for the VNA’s R-channel
phase locking during the phase calibration procedure and the DDUT’s nonlinear behavior
measurements. When fed at the input with 0dBm @2GHz (fo) sinusoidal signal, a hardly
distorted sinusoidal signal will appear at the output. In the frequency domain this signal
represents a multi-harmonic signal existing out of the superposition of a fundamental

frequency component of 2GHz and significant harmonics up to about 10GHz. A CW or
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sweeper generator can be used to generate the 2GHz (fo) signal, which goes into a power
splitter, one part provides the trigger signal that will feed the time domain receiver
(MTA/SQO) trigger input during phase calibration procedure and also can be used to fed the
stimulus section (varying the DDUT’s input power level by means of a digital attenuator
via PC in figure 5.2), the other part goes into a power amplifier (A;) which boosts the
signal power to hit the diode-based detector, whose reflected power wave is coupled by
means of a 3dB coupler. The coupled-reflected power wave outgoing from the coupler goes

into another power amplifier (A;) which boosts it.

To stimulus
/time domain reciver i~
trigger inputs (SO/MTA) |

HPR

HP8472

Spectrum
Analyzer
A 6dB 9dB
cw génferator AL attenuator attenuator
o

To
R-Channel (a1)

Optional to
| Phase calibration
‘ (RF input port )

Figure 5.22 Construction of the HPR

A part of the power amplifier’s output power (A;) is coupled to the spectrum
analyzer (S.A) in order to look at the HPR’s line spectrum and fit it (its power level and
harmonic number) The other part goes into a power splitter: one part provides the HPR
signal required at the RF input port chosen to inject it during phase calibration procedure,
the other part goes into a pair of attenuators which will reduce the signal to an acceptable
level, such that the HPR signal will not cause nonlinear effects to the VNA’s R-channel.
Note that, to guarantee conditions depicted in figure 5.13. filtering isn’t required because in
this case, just a few harmonics are present in the HPR output .
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5.3.1) Characterization of the Harmonic Phase Reference (HPR)

As discussed in chapter IV an appropriate phase calibration and DDUT’s nonlinear
behavior measurements require an amplitude-phase stable HPR signal in order to guarantee
VNA’s R-channel phase locking. Furthermore, since to perform the phase calibration
procedure the approach used in this thesis work doesn’t require an accurate characterization
of the HPR such as LSNA/NVNA technologies, just controlled temperature (=25 °C) and
without temperature control (environment) measurement conditions have been considered
as a perturbation of the “in house made” HPR shown in figure 5.22. On other words, only
short-term  temperature stability/sensitivity have been examined. The HPR’s

characterization lasted three days and included the following:

-Day 1: switch on the HPR under temperature controlled conditions, wait until the
HPR reaches its steady state, then by using an MTA running 500 magnitude and phase
measurements up to the fifth harmonic of interest (5f).

-Day 2: switch on the HPR without temperature controlled conditions, immediately
after by using an MTA running 500 magnitude and phase measurements up to the fifth
harmonic (5f). Then without switching off the HPR, activate the temperature control, wait
until the HPR reaches its steady state, an once again launch 500 magnitude and phase
measurements up to the fifth harmonic (5f).

-Day 3: same as Day 1. Measurements results are shown in figures 5.23-26.
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Figure 5.23 Magnitude measurements: upper(fy) middle (2fy) lower(3fy)
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Figure 5.24 Magnitude measurements: upper(4fy) lower(5fy)

Magnitude measurements reveals some important facts:

-the worst case of magnitude deviation occurs while the HPR is reaching its steady
state independently of the harmonics considered.

- nearly £0.5dBm of the magnitude deviation one can guarantee up to the fourth
harmonic (4f,) with or without temperature control.

- the fifth harmonic magnitude variation is nearly +3dBm which could be
considered unreliable looking at the VNA’s R-channel power level specification in table
5.1.
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Figure 5.26 Phase measurements: 5f,

On the other hand, phase measurements reveals that:

-once again the worst case of phase variation occurs while HPR is reaching its
steady state.

- there is nearly £2° of phase deviation in respect to the fundamental (fy), one can
guarantee up to the fourth harmonic (4f).

-the fifth harmonic (5fy) has got nearly +10° of phase deviation which could
influence significantly both calibration and measurements.

However, one has to take into account that depending on the frequency range, the
measurement results of the HPR’s magnitude and phase deviations could be strongly
affected by the instruments used to carry out the measurements (SO, MTA, etc) [30]. In
fact an MTA at 10GHz (5fp) introduces a phase uncertainty around £10° which is the fifth
harmonic phase variation. To avoid these undesired high phase measurement’s uncertainty,

a compact sampling oscilloscope (SO) seems the best tool.
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Measurement Results. Chapter VI

6.1) MEASUREMENT RESULTS

The fundamental concepts of nonlinear differential amplifier parameters have been
established in chapter 11. The methods of measurement have also been thoroughly explored,
and a specialized measurement system has been described. The error correction and
measurement accuracy of such measurement system have been shown. Now, these tools of
mixed-mode propagating theory and the measurement system can be applied to the analysis
of some important RF devices, structures, and circuits. This chapter will focus on nonlinear
differential power amplifiers, and the incident/reflected power waves based characterization
approach will provide new insight into the performance of such components in both
frequency and time domains. The simplified scheme of the test bench for harmonic load-

source pull and time domain at the Polytechnic of Turin is depicted in figure 6.1.

As pointed out in previous chapters, before carrying out any measurement a suitable
calibration procedure is required. S-parameter, Power, and Phase calibration procedures
setup are shown in figures 6.2, 6.3 and 6.4 respectively. The experimental experience
consisted of the characterization of two differential commercial amplifiers the TC22BP
(AUT,) by Agilent and the ADC8351 (AUT,) by Analog Devices. The measurements
involved a load-pull and a source-pull characterization. The common- and differential-
mode load, both at the fundamental and harmonics were tuned. Source-pull measurements
showed no significant results, this may be due to the good input/output isolation of the
devices and test setup. In both cases the fundamental frequency was 2GHz and the time
domain waveforms were reconstructed through frequency domain readings up to the fifth
harmonic (10GHz).
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For (AUT,) a differential-mode load map at the fundamental (2GHz) was done (see
figure 6.5). The optimum differential-mode load at the fundamental, in order to maximize
the output power at 1 dB compression of the differential-mode gain (Poutd-1ds@fo) 1S
reached slightly off the 100Q load condition, and interestingly the common-mode content
drops down when reaching the optimum load condition. Optimum is I, ;_gpr = 0.154 —
1152

Then, for the same device (AUT,) a differential input power sweep (Pindafo) Was
performed (see figure 6.6 and 6.7). Power readings up to the fifth harmonic (5f;) were
done. Both differential and common mode operating power gain and output power at the
fundamental are shown in figures 6.8 and 6.9 The mixed mode output impedances at all
frequencies of interest were fixed to Zp=100Q and Z¢=25Q. Finally in order to verify the
test bench time domain capabilities, from the previous power sweep a set of three points
has been chosen. The time domain waveforms at the output of each propagating mode were

measured up to the fifth harmonic (see figures 6.10-6.12).
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dBm

(a) Differential-mode output power (b) Common-mode output power

Figure 6.5: (AUT,) differential-mode load map at fundamental.
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In a similar way to (AUT3) on (AUT,) a differential mode load map was performed
at the fundamental in order to maximize Pyyrq-148@f,- ONCE again in this case the
common mode output power was minimized (see figure 6.13). Optimum is [ 4_opr =
0.224 — 40°. Additionally a differential mode input power sweep was performed on the
matched load for the differential- (Zg = 100Q) and common-mode (Z. = 25Q).
Unfortunately, this device shows no interesting performances, because it is too linear and

balanced. Even in compression, the differential waveforms look like pure sinusoids (see
figure 6.14 and 6.15).

(a) Differential-mode output power (b) Common-mode output power

Figure 6.13: AUT, differential-mode load map at fundamental. The output powers of each propagating mode

@f, at 1 dB compression of the differential-mode gain are shown.

126



Measurement Results. Chapter VI

nz nne

01z A, Pl Qa0 H \l / ‘1\

oy 1’I ‘I"n / 1I o J'I \ J! ‘\
W] “1 }Ir \l ilr Welv] JJI H JII \

012 \'I" IHt / el | ‘l }I \ }{

Az am

nz oo

IN NI VIR {1\

ok 1’I ‘I"n / 1I Bl ! ;
[\ [ A / ol \ " \

T R
042 \‘\_/ Kv/ o0z 1|I|| Jr‘ "||| l
\ U/ \ U/
Ry L
oz i3 - (13 N3 oz i3 - (13 N3
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CONCLUSIONS

This thesis work has described a way to accurately measure the differential- and
common- mode incident and reflected power waves in  VNA multiport systems, their
magnitude (|.|) and their phases (£). The main problem found was in the phase calibration
procedure when mechanical constrains of the measurement environment were present.
Undoubtedly the necessity of an amplitude-phase stable HPR signal is mandatory when
time domain waveform measurements are needed. A group delay (t;) computation based
approach was provided in chapter IV in order to solve the phase calibration problem when
mechanical measurement environment constrains are present which clearly depend on the
mechanical length of cables, coupler and connectors placed between the test port and
auxiliary port. A brief comparison between this approach (developed a few years ago by the
Department of Electronic Engineering at the Polytechnic of Turin) and other current
approaches such as NVNA and LSNA technologies has been pointed out. Furthermore, the
fact that mechanical measurement environment problems are present and that time domain
waveforms are needed demands the use of non leaky error model, the simplest one, which
may be unreliable in on-wafer measurement environments. The calibration methodology of
a VNA multiport system described in this thesis work which provides time domain
capabilities can be applied to both multiport on-wafer devices as well as multiport
connectored devices, it means, when gender connector problem are or are not present
respectively. The usefulness of measuring accurately the phase and amplitude of the single-
ended incident and reflected power waves in RF multiport systems has got huge importance
into the RF device characterization field because it opens the possibility to see time domain

waveforms with complete vector correction applied.

This usefulness has been exploited so as to characterize four port devices;
specifically characterization of two differential commercial power amplifiers in nonlinear
region of operation have been performed. Common- and differential-mode responses have

been measured in both time and frequency domains under nonlinear region of operation.
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Time domain waveforms up to the fifth harmonic have been measured under different m-
mode harmonic impedances and differential input power sweeps. Common- and
differential-mode output powers in respect to a differential input power sweep up to fifth

harmonic were obtained.

There are many reasons why differential power amplifies are subject of research
interest, mainly because of the current growing preference in these kind of topologies in
order to drive higher levels of circuit integration in the handset market, decreasing power
supply voltage, reducing unwanted circuit-to-circuit coupling as well as increasing
dynamic range. The ability to accurately measure, analyze, and design nonlinear differential

circuits at RF will allow their wide spread use in IC applications.

Some important aspects of RF time domain techniques still need to be developed in
the future, one issue is to be able to work with half or full leaky error models when gender
connector problems are present, this will be useful in on-wafer measurement environments,
meanwhile currents RF time domain technologies (NVNA, LSNA, MMS-NT) only include

non leaky error model.

Another issue is how to ensure and guarantee that the pre-characterized “harmonic

phase reference standard” has stable long-term phase response.
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Appendix A Calibration Procedure with MMS-NT software

MMS-NT SCREEN ELEMENTS DESCRIPTION

This section describes briefly the Microwave Measurement Software MMS-NT,
including the alternative navigation tools for mouse windows, toolbars, menus, dialogs, and
common controls used during calibration and measurements.

The main window of MMS-NT provides all control elements to perform all settings

required for calibration procedures: Menu bar, TSet Window.

MMENT_VE.01_20_6_08 - Thet
P Cofgae Callraton vew Wndow Fep
DEd TN

B Loa o | Torm bl ] B bbb |

iy e IF

Lty from dasa LF el UF
F

1) Menu Bar

All MMS-NT functions are arranged in drop-down menus. The menu bar is located
across the top of the main window: Menus can be controlled with a mouse, like the menus
in any Windows application. A left mouse click expands a menu or submenu. If a menu
command has no submenu assigned, a left mouse click opens a dialog or directly activates
the menu command.

File Configure Calbration WYiew ‘Window Help

Overview of menu functions:
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The File menu provides standard Windows functions to create, save, recall or print
setups, and to shut down the application.

Mew Chrl+r
Cpen... Chr+0
Close

Save Cri+5
Sawe A5,

Frint Setup...

1 PWSS0ChmTO_ALLharm_carico_bilanciato. oy
2 DATO_Doh,. ymapl. jpx

3 map_GSC2f0_eccitazmodocomuneediff. lpx

4 map_GSC2f0.lpx

5 map_GC0_nopowersweep. [px

6 map_GDD. Ipx

7 provaconibridi, lpx

8 mapl_harm_TO.lpx

9 provasenzaibridi. lpx

10 TSets tst

Exit

The Configure menu provides all settings and functions to create the frequency list,
select and modify VNA’s IF bandwidth, modify the MMSNT.ini configuration file (.ini),

running the calibration wizard, rest the error message flag (-), and initialize all the

measurements equipment in the test bench (VNA, switch unit, power meter, MTA/SO, etc).

IFBandwidth, ..

Configuration File

Configuration Wizard
Errar Reset

Initialize
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The Calibration menu provides all necessary functions to perform S-parameter,

power and phase calibration procedures.

Calibration
Start... |
Maore.., P Froperties...
Resetall
Fesume...
Rurn Winkit, ..
Set Calkit File...

Porveer Calibration...

The view menu provides possibility of show or hides the Main toolbar, status and

monitor bars and the status view.

MainToolbar
Status Bar

Monitor Bar
Status View

|

The Window menu provides standard Windows™ functions to arrange different

windows on the screen.

Wind oy

[ Cascade

m= Tile

Arrange Icons

1 TSet

The Help menu provides assistance with MMS-NT and its current mode of

operation (demo or measurement modes).
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Help Topics
|%  shout MIMSNT...

2) TSet Window

MMS-NT initially opens a test set file (.tst) labeled as “TSet” as default. It consists
of five tab controls (Operation, Message, Ports, CalKits and BiasStack ), used to manage

calibration and measurements in the current test set file (.tst).

O &

SETFREQUENCIES CALIBRATION

MEW MEASUIREMENT QFEN DATA FILE

Nowalid calibration envailable

operation | message | Ports | cakits | eissstack |

Overview of tab control functions:

The Operation tab control provides fast access to different options (also available in

the Configure menu and in the File menu) by means of four buttons:

SETFRECLENIES

1) | Allows access to the calibration frequencies editor.

CAlEPATION

2)L_ 1 Provides fast access to the calibration measurement windows only if

an appropriate calibration has been done.

3) I’ Allows one to open a new load pull measurement file (.Ipx).
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OFEN DATE FLE

4) Allows one to open an already existent TSet file (.tst).

The Message tab control provides a resume of the current tasks carried out by
MMS-NT.

Diniw dan Sep 00 (HHES 33 J|.|.'M
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TR 5 N il piewy FRCEY
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The Ports tab control allows one setting the gender connector type at each test port.

7 .
Pari Fa

Logesd [1 Logest
[ I [

T Frwale
£ FuDencie

(] _tmmmuitia | 5]

Operaiion | bemsge | Forin | Coltln | Bl |
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The CalKits tab control allows one to check the calibration standards kits available
in the lab and specified in the current cal kit file (.std), which will be used by the current

test set (.tst) during both S-parameter and power calibration procedures.
-]

e ——
S e _bng

it

¢ ERODIEDODISESDNNE0D - ;

operaton | Memage | Port | caton || emmaece |

The BiasStack tab control allows one to activate and deactivate the bias of the DUT
when needed.
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1)-S-PARAMETER CALIBRATION PROCEDURE

This section describes the basic steps and operational procedures for implementing
an S-parameter calibration on a multiport VNA system by using MMS-NT. This process
consists of three steps: 1) TSet file (.tst) configuration; 2) Calibration Standards

Measurement 3) S-parameter Calibration Verification.

1) file (.tst) configuration

MMS-NT basically allows two ways to configure a test set file (.tst) properly, which
will be used during and after an S-parameter calibration procedure. These two ways are:
1)the TSet window and the Calibration menu 2)Guided Calibration (configuration wizard).
In both cases the test set file configuration consists of the following steps:

1.1)-Checking the current calibration standards file (.std)

1.2)- Setting hardware.

1.3)-Setting the frequencies of interest.

1.4)-Defining calibration methods.

Next, each step will be described using both methods simultaneously, first
explaining it by using the MMS-NT Configuration Wizard and then by using the MMS-NT
TSet window/Calibration menu. First of all, the user must open and save a new TSet file
(.tst), where all changes done will be available to be recalled in future measurements if

needed: File>New>TSet>0K>File>Save as.
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1.1) Checking the current calibration standards file (.std)

-Launch the configuration wizard tool from the menu bar: configure >configuration

wizard :
MMSNT Configuration Wizard X
MELCONE TO THE MMSNT CONFIGURATION n
e e
B ne_lorg

{This wizard provdes ttep by-step gusdance for semng
Lp system paramedens, padosming & Cabbistion and
yraking & measurement

This Window shows the curent loased Standards, §
You need more close the wizard and run Wink(a from
e

Cabteationm>Morew >Winkit meny

Lhck NEXT to begin the setup procedure

-From the TSet window simply pushing the CalKits tab control:

L TSet_new_1.tst
= [ Losdad Cakes

¢ [l Vcon Anrites LRL Calbraton kit
v H vicon Anritsu Calibraton Kit
B 3.5 men Caliration KR Anitss 3552

+ I APCT

Cperstion | Messaga | Ports | cakits [ Blasswd: |

-In both cases, check to see if the mechanical calibration kits available in the labs
are enough to solve the calibration problem, this depends on the calibration method (RSOL,
SOLT, TRL, LRM, etc) to be used . In this sense, MMS-NT shows a tree node labeled as
“Loaded CalKits” which contains all the calibration standards definitions available in the
current calibration standards file (.std).
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-If needed, from the menu bar launch the WinKit tool: Calibration>More...>Run
WinKit... where it’s possible to edit, modify, delete, reload, etc a new calibration kit file
(.std) such as is available in commercial VNA system.

1.2) Setting Hardware

-From the configuration wizard simply press the Next>> button :

MNENT_Y).01_30_4_9% - [TSat) LA X

DeE e

e o o Ty e |

-From the TSet window pushing the Ports tab control:

Dew AL
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Appendix A Calibration Procedure with MMS-NT software

-In both cases, one opens the Ports Editor tool which allows the user to specify the
ports logical number and the type of port connectors. The number of physical ports
available depends on the number of multiport test set units available in the test bench.
According to how the user has defined all the multiport test set units in the MMSNT.ini
configuration file (.ini), MMS-NT shows a tree node which contains the currents multiport
test sets units and their specified modules: each node (=B= ) corresponds to a physical
multiport test set unit, which can include different port modules (E=221). In this way, the
user assigns to each physical port a logical number (1, 2, 3, etc) and its connector type,
which can be placed in whichever port module of whichever test set unit was previously

defined into the MMSNT.ini configuration file (.ini).

-1f needed, open the MMSNT.ini configuration file (.ini) to look at the multiport test

set units configuration: Configure>Configuration File.

[rrr a— =
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1.3) Setting the frequencies of interest

-From the configuration wizard tool simply press the Next>> button :

CALIBRATION FREQUENCIES EDITOR X
INSTRUGTIONS paneratian
Define the Calibration Frequency List i Insert f X
Complete the list by: 1 neern lreguencles:
2
1) Inserting one frequency a time usign the | (et
entry box andingert button
HUsing a Start Stop Point Seguence with the Start/Stop ‘ o ‘

Start/Stop button.

FEdit the list by deleting or inserting individual ‘ Reset table
tequencies.

Press O when complete Store ‘ Retrive ‘

Previous == ‘ Mext »= |

-From the TSet window pushing the Operation tab control and press the SET
FREQUENCIES button :

Both cases are conducive to the Calibration Frequencies Editor dialog, where the
user must edit the frequency list which includes all frequencies of interest where one
intends to get the DUT’s S-parameters (fo,2fp,etc). If time domain measurements will be
performed in the future and if auxiliary port will be needed, then, it’s mandatory at this
point to include an additional frequency point in the frequency list in order to compute the
group delay (tg) of cables, through coupler’s arm and connectors placed between the test
port and the auxiliary port, where one connects the HPR signal and the time domain
receiver (MTA/SO) respectively, during a phase calibration procedure. In MMS-NT there
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Appendix A Calibration Procedure with MMS-NT software

are different manners to introduce frequency points in the frequency list, such as those

available in the CAD simulators: star/stop, point to point, etc.

1.4) Defining calibration methods
-From the configuration wizard tool simply press the Next>> button :

Lomraiion Fupedy
; . P —
ey Pz —

—|

ST
X = ] N

HE u
L }
2 L x
| —| Corrpatn Sagerras

[ = T

ol pime v el g P et [ i Cortia®

e

L e e
mantaa

Fslact & popeip o e mulsbls popsiss
feit

[Praas the <4 nand Butoa [em——

g madtrg HIE betwper, Seg pody mesm
L E ey

|8 g Ity TRL batenen han porin Faars
it TRL 0l Reiasii® T P
| 0]

-Both approaches open the Calibration Properties dialog, which provides a wide
range of sophisticated calibration methods (LRM, TRL, etc) to solve the calibration
problem. MMS-NT uses a Non Leaky error model as a default error model to solve the S-
parameter calibration problem. The user must set the desired calibration method

(connection property) into a connection matrix as follows:
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a-choose the calibration methods by using the mouse.

b-insert the calibration method into the connection matrix by pushing the <<Insert
button.

Subsequently press the Compute Sequence button. MMS-NT will respond according
to the types of calibration standards available and the test ports connectivity constrains to
obtain a suitable sequence of calibration standards in order to accomplish the calibration

methods previously chosen by the user.

If mechanical constrains are present and/or the amount of available standards is not
enough to solve the calibration problem through the calibration methods previously chosen,
MMS-NT will show an error message informing the user about current calibration kits
available in the lab which are not enough to perform the calibration algorithm chosen
previously. In this case, the user must get another calibration kit file (.std) by pushing the
Calkit Editor button which lunches the WinKit tool where it will be possible to edit,
modify, delete, reload, etc a new calibration Kit file such as those available in commercial
VNA systems. Otherwise, press the Ok button to finish the TSet file configuration. After

that, the user can begin to connect and measure calibration standards.

b - ||

-Immediately after, save all changes done: File>Save.
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2) Calibration Standards Measurements

After a suitable TSet file (.tst) configuration, the next step is to perform the
calibration standards measurements. From the Operation tab control launch the Calibration
Measurements dialog by pushing the CALIBRATION button.

MMS-NT will show the user the calibration standard’s sequence computed during
the TSet file (.tst) configuration. The user must connect each calibration standard at a time
and then click the empty box placed in the Done column beside the connected calibration
standards label (Short, Open, Load, Thru, line ,recipr, etc), to initiate the measurement of
the connected calibration standard. MMS-NT, by controlling the VNA, performs a

calibration sweep at all frequencies included in the frequency list (fo,2fo,etc) and displays a

progress bar __ After the VNA completes the sweep a checkmark (X)
appears into the empty box placed in the Done column beside the connected calibration
standards label (Short, Open, Load, Thru, line ,recipr, etc). The user must remove the
connected calibration standard and connect another one. This iterative process must be
done for all calibration standards in the sequence computed by MMS-NT. Additionally, the
user could see the calibration standard measurement progress when needed, by means of
the Port Signal Testing window, by pushing the WaveMonitor button and choose an S-

parameter of interest.
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-After a correct calibration standard’s measurement has been done, click the
Compute Error Coeff button, MMS-NT will calculate the 4n-1 error terms included into

the non leaky error model, which will be applied to correct futures S-parameter
measurements.

-Finally, press the Save&Exit button to store the S-parameter calibration’s error
terms file (.cdf) and close the Calibration Measurements windows.

’ SHVSHT_ VI 01,204 _08 - Thet_new, 1.5t

0wl T
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In this way, one can recall previous S-parameter calibration files (.cdf) to perform
future measurements, whenever the measurement test bench is not modified.

" MMGHT_V3.01_0_b_08 - Toei_new._1. 151
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3) S-parameter Calibration Verification

Once an S-parameter calibration has been done, and error correction has been
applied, MMS-NT provides another file class: S-parameter file  (.spx)

(File>New>Sparameter>OK) in order to verify the calibration procedure performance
and/or perform S-parameter measurements.

Y MMSHT_V3.01_20_6_08 - Toet_new_1.tst

Iwmqm I I CPENDATA FLE

s ] e g vl

B tosbTorm | Turmsba| B s |
Wbty [otia Dt s LF
r sy r 3 |

For b, prae F i

When performing S-parameter measurements, an S-parameter file (.spx) allows the

user to add graphs with different data formats: polar, smith chart and rectangular such as
in a CAD simulator: View>Add View...

EERMMENT _V31,01_20_&_08 - Sparl

I SETARECLENCES

| e A FE W T | DPEN DATA FRE || =
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-Connect a well known DUT between test ports and compare its ideal behavior with
the S-parameter measurement obtained by means of MMS-NT in the S-parameter file

graphs. There are two types of S-parameter measurements available in MMS-NT: 1)single

trigger mode (activated by pushing E button) 2) continuous trigger mode (activated by

pressing e button). The former launches only one measurement, displays it and stop

itself automatically, whereas, the latter launches one measurement, displays it and

continues with this cycle until e button is deactivated. From the toolbar once an S-

parameter measurement has been done, it’s possible to access whichever S-parameter of
interest ( |1 "|EL ), change the representation format ( @ @ E), change units (

U | deg dB ) add markers ( M ), etc, in the current graph.

ST ) BT L Ly

= EES
The current S-parameter file (.spx) can be stored and used in future measurements

whenever the frequencies of interest are the same.
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I1) POWER CALIBRATION PROCEDURE

This section describes the basic steps and operational procedures for implementing a
Power level calibration procedure on a multiport VNA system by using MMS-NT. This
process consists of three or four steps depending on whether an auxiliary port is used or is
not needed respectively.

Without auxiliary port: 1)Loading S-parameter Calibration; 2) Power
Measurements 3) Power Calibration Verification.

With auxiliary port: 1)Loading S-parameter Calibration; 2) S-O-L calibration 3)
Power Measurements 4) Power Calibration Verification.

Next, due to both cases are conducive to the Power Calibration tool they will be

explained simultaneously pointing out differences between them when needed.

1) Loading S-parameter Calibration

From the current TSet file (.ini) recall an already existent S-parameter calibration
file (.cdf): Calibration>More...Resume...

Open 21X
Looki [£3 MMS_Configuraiion -] cf B
y L1 5_LAM_S_parm.cdf
ii
Iy Recent
Documents
Deskion
-
My Diocuments
w8
My Corpuler
‘___e Fie riame: 1_5_LRM_5_pacdi -] Daen
My Hetvack.  Filless of bypec [ Caltwation Data fles - | Carcsl
Flaces ro )
pen & sead-ank
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Appendix A Calibration Procedure with MMS-NT software

As mentioned in the S-parameter Calibration procedure section it’s mandatory that
whatever existent S-parameter calibration file (.cdf) matches the current TSet file (.tst)
configuration when the former is recalled by a TSet file (.tst). In this way, the user has
access to the 4n-1 error coefficients of the non leaky error model included in the current
TSet file (.tst). The Calibration Measurement dialog shows all S-parameter calibration
standard’s measurements which have been done by a checkmark (X) in the checkbox

labeled as “Done”.

Calibration Measurements E

D cndde-cikohs s Shmrackintl i masion Died Mo b

et [Pt [Fes [Crere
T 1 i SeubEs
[ 1 [
[} [
[ 3
1 b 2 {1F

E

W e |

Porewr_I [_Coliawn

2) S-O-L calibration (only if auxiliary port is needed)

Similar to when performing an S-parameter calibration procedure, when the
auxiliary port is needed, the user must check if the current Calibration Standards file (.std)
loaded into the current TSet file (.tst) has got an appropriate calibration standards definition
which allows one to carry out the S-O-L calibration at the auxiliary port (connector type,
calibration standard type, etc). One can check it and/or make it possible by launching the
WinKit tool (Calibration>More...>Run WinKit...) where it will be possible to edit, modify,
delete, reload, etc a new calibration kit file such in a commercial VNA system. Once, the
user has checked an appropriate calibration standard definition, launch the Power
Calibration tool by pushing the Power_TD_Calibration button from the Calibration

Measurement dialog:
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PowerCalibration %

WPeasse O eased dardeds o the Aushary port
) Pross Camgrte Power ConfY

-Fist of all, select the auxiliary port number from the Power Meter Connection

Reflectometer group box by expanding the combo box control:

Power Meker Connection Refleckometer

-

-
1
.

-Second, select the check box labeled as “Enable” to activate the use of auxiliary
port in MMS-NT from the Auxiliary Port group box.
-Select the RF input port where the user intends to connect the Synthesized Sweep

Source Pork

Generator by expanding the Source Port Combo box control [S :

The user must specify the auxiliary port connector type by pressing the Set Aux
Port Connector button to open the Connector Property dialog.

-Select the auxiliary port connector family among all the connector families
(3.5mm, 2.4mm, APC7,ect) available in the current calibration standard file (.std) from the
Name combo box.

-Select the auxiliary port gender type from the radio buttons labeled as “Male” ,
“Female”, etc. Push the OK button, to begin an S-O-L calibration at the auxiliary port
previously chosen. As in an S-parameter calibration procedure the user must perform a

calibration standards measurement.
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BBSHT_W.G1_20_6_04 - [Thet_ne PowerCalibration X
Oal &l L | '::.‘:ﬁl"_"p'hallm e

 Ch o o e P P o Tl P
ibratl re s E 0 ol ar_babiry Fom. o i b g o <iie

s s B

| ke s gt
i s Bt okl b e For el T T I e v
p—— T Thee TEd st b ok oa gt | el e e o el

Frem b ey e
sl 1 B R |

1
S Ly Coulf o Ermpr gy e

E ek =]

ede gt b S e L P | saieran

I
R e Smwainn

ey
ey g o ek .t b
o ot

e D

sk D =

FERET

|Lopesine [V | |

Next, press the Compute Standard Sequence button, MMS will show the prior
known S-O-L calibration standard sequence on the Double-click The Standard to made the
measurement group box. Connect each calibration standard one at a time and click the
empty box placed in the Done column beside the connected calibration standard’s label
(Short, Open, Load) to initiate the measurement of the connected calibration standard.
MMS-NT by controlling a commercial VNA system that performs a calibration sweep at all

frequencies included in the frequency list (fp,2fo,etc) and displays a progress bar

-_. After the VNA completes the sweep a checkmark (X) appears in the
empty box placed in the Done column beside the connected calibration standards label
(Short, Open, Load). The user must remove the connected calibration standard and connect
another one. This iterative process must be done for the three calibration standards in the

calibration sequence computed by MMS-NT.
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3.1) Power Measurements with auxiliary port

After suitable calibration standard measurements have been done (with the
Synthesizer Sweep Generator connected to the RF input port previously chosen) the user
must connect a power meter to the auxiliary port, while remembering to never change the
auxiliary port connector type previously defined. In this sense, the user must match
mechanically the power sensor connector type (at its reference plane) to the auxiliary port
connector type previously chosen. Then, from the Power Calibration dialog launch the
power measurements by pushing the empty box placed in the Done column beside the
Power Meter label, which is placed into the Auxiliary Port group box, to initiate power
measurements. MMS-NT by controlling both power meter and the Synthesizer Sweep

Generator performs a calibration sweep at all frequencies included in the frequency list

(fo,2f0,etc) and displays a progress bar -_ After both power meter and
Synthesizer Sweep Generator have completed the sweep a checkmark (X) appears into the
empty box placed in the Done column beside the Power Meter label, placed into the
Auxiliary Port group box, indicating auxiliary port power measurements have been done.
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3.2) Power Measurements without auxiliary port

When the auxiliary port is not required the user simply launches the Power
Calibration tool by pushing the Power TD_Calibration button from the Calibration
Measurement dialog, it sets the test port number from the Power Meter Connection
Reflectometer group box by expanding the combo box:

Power Meker Connection Refleckometer

-
1
.

Next, from the Power Calibration dialog launch the test port power measurements
by pushing the Measure Power Meter button placed in the Power Meter Connection
Reflectometer group box. MMS-NT by controlling both power meter and Synthesizer

Sweep Generator performs a calibration sweep at all frequencies included in the frequency

list (fo,2fp,etc) and displays a progress bar __ After both power meter and
Synthesizer Sweep Generator complete the sweep a checkmark (/+) appears into the Done
check box placed in the Power Meter Connection Reflectometer group box, indicating test

port power measurements have been done.

PowerCalibration g
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In both cases (with and without auxiliary port), after a right calibration standard’s

measurements and/or power measurements have been done, the user must click the
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Compute Power Coeff button, MMS-NT will calculate |k;;_g4.,| OF |kqq| error terms
(depending on whether the use of the auxiliary port is or is not required respectively),

which will be applied to correct future power measurements.

-Finally, press the Save&EXxit button to store the power calibration’s error terms file

(.pcd) and close the Calibration Measurements dialog.
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In this way, in future measurements one can recall any power calibration file (.pcd)

whenever the measurement test bench is not modified.
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4) Power Calibration Verification

4.1)Load Pull file (.Ipx) overview
Once both S-parameter and power calibrations have been done, and error correction
applied, MMS-NT allows the user to verify the calibration procedure’s performance and/or

perform the power-dependent DUT’s performance measurements through another powerful

file class: LoadPull file (.Ipx). File>New>LoadPull>OK or by pressing the NEW
MEASUREMENT button from the OPERATION tab control placed into the TSet window.

" MMEHT_V1.01_20_6_08 - TSet_new_1.ts1

Feipater Lo it e L i L

|| oz | |

e i, e L e | Lt ] o

In terms of power dependent DUT’s performances a LoadPull file (.Ipx) basically
allows the user to perform measurements at each frequency of interest previously defined
in the frequency list (fo, 2fy, etc) through RunView files (.rvf) (Display>RunView>Edit
FormatFile) which can be modified, reloaded, edited, etc. Furthermore , MMS-NT provides
already existents RunView files (.rvf) such as default_2port_better.rvf which can be used as
help to build customized RunView files (.rvf). Each RunView file (.rvf) is related to a
RunView window. When a new LoadPull file (.Ipx) is opened a Run View window appears
beside a Load Window (in smith chart format) as default. All measurements previously

defined into a RunView file (.rvf) will appear into the RunView window in tabular format:
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Parameters such as: Gop, Pin Pout, PAE, efficiency, DUT’s reflection coefficient
(lin, I, I5), etc, can be shown into the RunView window in real time at each single-ended
port. Open the Frequency Setting tool from the menu bar (Set>FrequenciesSubSet), to set
up the frequencies of interest (among the S-parameter and power calibrations frequencies)
where the user intends to measure the above parameters (which will appear into the current
Run View window). In the Frequency Setting tool from the Cal Frequencies (GHz) box

drag all frequencies of interest onto the Meas Frequencies (GHz) box.

Frequency Setting

Cal Frequencies [GHz] Meas Frequencies [GHz)

0.930000 1.000000
1.000000 2000000
1.500000 3.000000
2.000000 ¥k 4.000000
2.500000 5.000000
3000000
3.500000 Femove
4 000000
4.500000

Remdll

ok Cancel
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Manual Control

LoadPull files (.Ipx) allow the user to perform both load (I, I5) and power sweeps
(Pin) at a given frequency of interest in a manual mode of operation. Both load and power
sweeps can be managed in manual mode by means of the monitor bar as follows:

Manual Power Control

a- press the Measure tab control, press the START button placed into the ManualLP

group box to launch the RunView file’s (.rvf) measurements.

ﬁ Load.-"Tuners] TunerMap] Biaz  Measurz l
Frequency Eutra Data Auta LP Manual LP

LPMeasFred| [~ Hamonic SourceFreq: ™ MeasBias [ GammaS Load Sweep Sweep Set START |

b- press the Load/Tunes tab control ,set power levels at the input (Pj,): -first set an

input port number by expanding the Port combo box control (P':'rt =l ) placed into the
InputAttenuators group box; then, -fix an input power level by decreasing the attenuation

level of the input attenuator by pushing the horizontal spin buttons ( 1259 "1y placed in
the InputAttenuators group box. The lower the attenuation value the higher the input power

level.

ﬁ Load/ Tuners l TunerMap] Biaz ] Measure]

Load Control Input Attenuators
CHTRL

[ _= | Freq [1.000000 iIAtt [s000 <[ RIS | Phasefo <[] 5 [M FREQ. Port |1~ 50 [ R]s|

GLC@2M0 —
For HalGLD@ZM0 sior  ERE CAP UM

The input signal’s frequency is fixed by the external CW or synthesized sweep

generator connected to the digital attenuator controlled by MMS-NT.

Manual Load Control

a- press the Measure tab control, press the START button placed into the ManualLP

group box to launch the RunView file’s (.rvf) measurements.
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x
ﬁ Load.-"Tuners] TunerMap] Biaz  Measure l
Frequency Extra Data Auta LP Manual LP

LPMeasFreq| [~ Hamonic SourceFreq: ™ MeasBias [ Gamma$ Load Sweep Sweep Set START |

b-set the load (I, I5) values at a given frequency of interest (fo, 2fp,etc) : -select an
active loop unit among all those previously defined into the MMSNT.ini configuration file
(.ini) and -set its YIG filter frequency of operation. This can be done in the Setting Loop
Frequencies tool from the menu bar Set>LoopFrequencies...

Setting Loop Frequencies E|

_DK
Loops | Frequency |
M 1.000000 Cancel
GLCE2(0 2.000000
GLD @20 NOTSET =

3000000 .
2.500000
4.000000
4500000 %

c-Once an active loop has been configured, the user can pull I} or I3 onto the smith
chart at a given frequency of interest manually as follows: fix an active loop to be used by
expanding the combo box control placed into the Load Control group box.
[ -]

GLC@210
GLD@A0

d-The active loop’s frequency of operation previously chosen will appear in the

Freq box (F=a/1.000000 :l) Next, use the Att control and the Phase control (

ar 4000 <[ RIS |Phaselo <[+ ) to vary both load’s (17, I5) modulus (|.|) and angle
(£) respectively .
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The user can see these reflection coefficients and/or power variations in real time in
either tabular (Run View window) or graphic (Load Window) formats at whichever

frequency of interest. For graph format the user can open other Load Windows

(Window>New Load Window), select the reflection coefficient of interest ( Ge , A , L

) and set the frequency of interest ( F: |1'""“""" ﬂ). For tabular
format the Run View window shows automatically all reflection coefficients measurements
previously defined into the current RunView file (.rvf) in real time at all frequencies of

interest previously chosen from the Frequency Setting tool.

U MNENT_W3.01_20_&_048 - LoadP1
Tia Cuple Herory Set TewComen Toch New Wirs lisp
Owd &S F 1000w = g e B OEH x M
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If needed, save more than one measurement point by pushing W this

allows the user to see more than one measurement point at a time. Each measurement point

is fixed in each graphic representation (smith chart, etc) and stored in an Excel file (.xls)

which can be open by pressing

For both manual load and power control MMS-NT allows one to change the
minimum step of modulus, phase and attenuation, introduced by At [4000 K

Phass [0 <[*l ang 12500 21 controls respectively. From the menu bar: Set>Control
CNTAL

Step... Or press from the Load Control group box. The load phase control can be
done electronically and mechanically. The former by taking advantage of the abrupt YIG
filter phase response and/or digital phase shifter and the latter simply by using a plunger or
tuning element which can be moved in parallel to the center conductor of a transmission

line.

Load Pull cont... @

Input &ttenuator

Load Phase

50
Load M agnhitude IW
100

Cancel | ,TI

Fhaze Setting Crtrl

" Electronic

" Mechanical

Both load and power manual control can be deactivated: from the Measure tab
control, press the STOP button placed into the ManualLP group box
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Automatic Sweeps

Both load and power sweeps can be managed also in automatic mode by means of

the Load pull settings tool available from the Monitor Bar (press the Measure tab control,

press @ placed into the AutoLP group box) or from the menu bar (Set>Load
Setting...)

= X}

= o |

Automatic Power Sweep

The process to edit, modify, load, etc a power sweep consists of the following steps:

a-Select the input port where the user intends to connect the input source, by using
the Input port setting combo box:

|nput port getting

-
Ea—
b-Define the sweep power levels into the Set power sweep dialog: pressing the Edit
button placed in the Power Sweep group box. MMS-NT allows different ways to introduce
points of power into the sweep power list, such as those available in the CAD simulators:
star/stop, point to point, etc. Press OK to save the current power sweep.
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" ~MMSNT_V1.01_20_6_08 - LoadP1
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Once a power sweep has been defined, the user can launch it simply by pressing

Load Sween| placed into the AutoLP group box.

Automatic Load Sweep

The process to edit, modify, load, etc an automatic load sweep consists of the
following steps:

a- select an active loop unit among all those previously defined in the MMSNT.ini
configuration file (.ini) and set its YIG filter frequency of operation. This can be done in
the Setting Loop Frequencies tool from the menu bar Set>LoopFrequencies...

Loopz | Freguency |
M 1.000000 Cancel |
GLCE2E0 2000000

GLD{E2f] [NOTSET =]

2000000 A
3500000 —
4.000000 —
4500000 v
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b- activate the Mag and Pha active loop attributes to vary both load’s (I}, [5)
modulus (|.]) and angle (¥) , by selecting the ENABLE text box control placed in the Load

sweep settings group box.

Load sweep settings

Tuners/Loops | Start | Stop | Faints | Sweep |
wim b ag i] 0 1 DISABLED
wews Pha 0 ] 1 DISABLED
GLOE2(0 Mag 0 ] 1 EMABLED
GLCE2(0 Pha 2 10 1 EMABLED
GLD&E2M0 Mag 300 500 1 EMABLED
GLOE2M0 Pha 0 ] 1 DISABLED

c-Use the Start and Stop controls to introduce the maximum and minimum values of

the modulus and phase required. Set also both phase and modulus’ point numbers.

Load sweep seltings

Tuners/Loops | Start ‘ Stap | Paints | Sweep ]

ek Mag 0 0 1 DISABLED

s Pha 0 0 1 DISABLED
GLC@2(0 Mag 0 0 1 ENABLED
GLC@210 Pha 2 10 1} ENABLED
GLD@20 Mag 300 500 1 NABLED
GLO@210 Pha % Y- 1. DISABLED

Press OK to save the current load sweep. Once a load sweep has been defined, the

user can launch it by pressing 2@d5%eep| placed into the AutoLP group box. Once both
automatic load and/or power sweeps have finished, the user can look at the measurement

data in either graphic or tabular formats. For graphic format the user can open Load

Windows (Window>New Load Window), select the reflection coefficient of interest ( Ge ,

GL Sy and set the frequency of interest ( © 1.000000 j)_ For
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tabular format MMS-NT stores the last load sweep measurement data into an Excel file

(.xIs) which can be open by pushing

Furthermore, MMS-NT provides powerful tools to plot Load pull contours, stability
circles and VSWR circles in different data formats: polar, smith chart, rectangular such as

in a CAD simulator: From the menu bar: Tools...

LPCoioars L]
Took —
. EETETTT.
L \Poriars »
EParCicles  * Fartitks  F

YVEWRCChes ®

4.2)Power calibration verification without/with auxiliary port

When gender connector problems aren’t present the user can connect a power sensor
to directly whichever test port and launch a manual power control (as explained previously)
in order to compare both power measurements: from MMS-NT into the Run View window

and from the power sensor as shown in the next figure:

Test Test
Port(1) Port(2)
| |

| |
cw/ Z | | Z Z
SWP

\ |

| ~
\ I Pmeas ~ I:)MM&NT
|

\ Power
Meter

Without auxiliary port

When gender connector problems are present the auxiliary port is needed, in this
case the user can perform a manual power control (as explained previously) and apply a
procedure similar to that depicted in the next figure to verify power calibration

performance:
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Test Test Aux
Port(1) Port(2) port
I I I
I I I
cWi/ L thru '
SWP | | I ¢ M
| ﬂia—zh \\
I I 04(15 =10log(jee|) 1\, :
~— Meter
[ '=a’l,
P~ P P2 = a|dB + Pmeas dBm
2~ MMS —NT
With auxiliary port
It means:

a-Connect two test port through a line or thru .

b-Connect a known reflection coefficient to the auxiliary port (") often a short or
an open calibration standard, in order to compute the test port reflection coefficient (I.”) .
This allows one to compute the attenuation (o) introduced by cables, couplers and
connector placed between test and auxiliary ports.

c-Connect a power meter to the auxiliary port to obtain Ppme,s reading.

Once Preas and o are known at a given frequency of interest, the user can compare
both test port output power (P,) values: from MMS-NT in the Run View window, and that

computed through Ppeas and o.
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I11) PHASE CALIBRATION PROCEDURE

This section describes the basic steps and operational procedures for implementing a
Phase calibration procedure on a multiport VNA system by using MMS-NT. This is based
on four steps independently on whether the auxiliary port is or is not needed: 1)Loading S-
parameter calibration ; 2) Perform a Power Calibration ; 3) Phase Measurements ;4) Phase

Calibration Verification.

1)Loading S-parameter Calibration

From the current TSet file (.ini) recall an already existent S-parameter calibration

file (.cdf): Calibration>More...Resume...

Open 22X
Lookin: [ £33 MMS_Configuraiion | cf B
3 L1 5 1AM S _parm.cdf
Iy Recent
Documents
Desklop
-
My Diocumeris
w8
My Cormpuler
"_‘J File piarins 1_5_LR#_5_parn | Dpen
My Hetwark  Files of lype: [ Calioration Drata fles - Carcel
Places ro )
pen & sead-anly

As mentioned in the S-parameter Calibration procedure section: when whatever
already existent S-parameter calibration file (.cdf) is recalled by a TSet file (.tst), the former
must match the current TSet file (.tst) configuration. In this way, the user has access to the
4n-1 error coefficients from the non leaky error model included in the current TSet file
(.tst). The Calibration Measurement dialog with a checkmark (X) on the checkbox labeled

as “Done” shows all S-parameter calibration standards measurements have been done.
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Calibration Measurements

Diouble-chok:. e Slandsid b make e meamrmen

[Pea

Save L Ewt

‘e b or

Poswes_TD_ICalibration

2)Perform a Power Calibration

Depending on whether the auxiliary port is or is not needed the user can perform a

proper power calibration procedure following the steps given in IlI)Power Calibration

Procedure section.

3) Phase Measurements

In both cases with or without the auxiliary port, after suitable power measurements

the user is in front of the Power Calibration tool environment:

PowerCalibration X PowerCalvation X
E«—‘ Colr e Dany Pomldvmodaiy
B St Camratin of B P W o wve Sent Set ot ot o
B o s Pt o e bt o . [‘l_l.w:‘hl“::"”* ;
ol & —rved snpvy e e bt ] &
0 P L o it Wt J oy e e PRSI St et
BT Lng o B Vo et | WSl e s St & wd & oo "l &
P - o ——— o e e b o ————
et T = :;44-:.—.--.- . T |
o & i Foa 15 7 L | Mera e e "
30 tinmas S Yauw M v o e o
) o Matm e f B
[o‘:-ﬁ-au-(.a L Sl e Cltesn | & ot Compte e ol o G e s v
0 St Bt Pt s S e b ol e s Sy Bt ; ) O s ol b Sy Pt 1
.:-.--\umuu-a e W A Wt o P s sy gt b ek A Tradn !
[:\ -bﬁ: 1 ) S Al Pt () ]
St S et S P - —
¥ e Pe Swderd mamn Ssen Pt e et s
T 4 e drvs Ve o o e v e ey """""""—I " bt 4 £ gurt s bt P St vt and e |
prais ’ -
P hrnd S o O by ot ) P e S @ P s o o
ons Comgats e (ae? (ke B T Y g 41 bt P et e Compnde P Cant?
QM—I‘A-__IE. o
‘g—o % p— 1
e x
1t e x
Ll - L
. .
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Since, a phase calibration requires an amplitude-phase stable signal outgoing from
an HPR, the user must connect an HPR signal into the RF input port where the synthesized
sweeper generator was connected during power calibration procedure. If the auxiliary port

is needed do not to change the RF input port number previously selected, from the

Source Port
Auxiliary Port group box in the Source Port Combo box control =1 . Furthermore,
the user must not to change the auxiliary or test port number previously chosen from the

Power Meter Connection Reflectometer group box:

Pawer Meter Connection Refleckometer

-
1
.

Next, in order to carry out phase measurements, connect a time domain receiver
(MTA/SO) to the auxiliary port or the test port (defined previously in the power calibration
procedure) depending on whether the auxiliary port is or not needed respectively.
Additionally connect the HPR signal into the VNA reference channel in order to guarantee

its appropriate phase locking.

Test Test Aux

Port(1) Port(2) port
| | |
| | |

| thru | I MTA/
HPR _X._._‘M_._I | | SO

[ . ¢ —
To | | |

R-channel

With auxiliary port

Test Test
Port(1) Port(2)

I\
I\
(I
|
\

To
R-channel

\ MTA/
L4 SO

Without auxiliary port
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After that, launch the phase measurements by pushing the Time Domain Calibration
button. MMS-NT by controlling both VNA and the time domain receiver (MTA/SO)

performs a calibration sweep at all frequencies included in the frequency list (fo,2fp,etc) and

displays a progress bar __ After both VNA and the time domain receiver
complete the sweep a Done check box (beside the Time Domain Calibration button)

indicates auxiliary or test port phase measurements have been done.

PowerCalibration B jPowerCalibration
' Pemiver

In both cases (with or without auxiliary port), after correct power and phase
calibration procedures has been done, press the Compute Power Coeff button. MMS-NT
will calculate ki; error term (its modulus and its angle). k1; values will be applied to

correct future powers and/or time domain waveform measurements.

Finally , press the Save&Exit button to store the power and phase calibration’s error

terms file (.pcd) and close the Calibration Measurements windows.
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i (=X ]

So, in future measurements one can recall whatever power-phase calibration file

(.pcd) whenever the measurement test bench is not modified.

4) Phase Calibration Verification

Phase calibration verification and/or time domain waveform measurements can be
done easily by using a LoadPull file (.Ipx): New >LoadPull>OK, or by pressing the NEW
MEASUREMENT button from the OPERATION tab control placed into the TSet window.
All time domain waveform measurements are managed by means of the Time Domain

menu (add graphs, change graph properties, etc) placed in the menu bar.

Time Domain
Addhiew

SefTime Domain Fregs

YiewProperties..,

-Inject an RF signal probe into an RF input port such as during a power or phase
calibration procedures. This task can be done by connecting an HPR or a CW generator.
Then, connect a time domain receiver (MTA/SO) to the auxiliary port or to a test port,

depending on whether the auxiliary port is or is not required, in a similar way to when
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performing a phase calibration procedure. Additionally connect an HPR to the VNA R-
channel in order to guarantee its appropriate phase locking (not shown in figure).

Test Test
Port(1) Port(2)

I I
I I

HPR/ Z | | Z Z
CW |
I

I\
|\
[
|
\

\ MTA/
*— 5o

Without auxiliary port

Test Test Aux

Port(1) Port(2) port
| | |
| | |

HPR/ % —"" o A 20 L [
cw | | | 50

| e oa——”
| |

With auxiliary port

In order to verify the current phase calibration performance, the target is to compare
the time domain waveform measurements obtained by means of MMS-NT and the time
domain receiver (MTA/SO). Obviously, when the auxiliary port is required the cables,
coupler and connectors’ attenuation (o) will affect amplitude comparisons, however, this
can be accounted for through o values previously computed during the power calibration

verification procedure.

When an RF signal probe, the VNA and the time domain receiver (MTA/SO) have
been properly connected, one creates a time domain measurement in the current load pull

file (.Ipx) through the following steps:

a-Select Time Domain>Add View... to open a time domain measurement view
window. Open more than one view if needed and define the time domain waveform at each

graph (V1(t), 12(t), etc): Time Domain>View Properties...
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b-Define all frequencies of interest to represent the time domain waveform (among
all calibration frequencies): Time Domain>Set Time Domain Freqs .Press OK to save

changes

- TEOE (R
Time Domain Frequency Setting X ' 0 T
Caltron Fwamr cmt 0 Fraumom G4 oy o

| | osooe

2 DOR%
2 a0

£
» e

Al 15 1%

c-Launch a manual/automatic power sweep (as explained in the power calibration
verification section). Be careful with the power level setting in order to not damage the

time domain receiver sampler (MTA/SO).

d-Launch the time domain waveform measurements previously configured: Time
Domain>Get TD Waveforms. MMS-NT will acquire the power waves in the frequency
domain from the VNA system and it will perform an IDFT (Inverse Discrete Fourier
Transform) in order to obtain their time domain waveforms which will be shown in
graphic format into a time domain view window. The user can change the current time
domain view window properties through the Time Domain View dialog clicking on it such

as in a CAD simulator.

173



Appendix A Calibration Procedure with MMS-NT software

EYMMENT _W3.01_70_6_08 - time_domainS0chm bpx
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In this way, one can compare time domain waveforms parameters such as: pick
value, pick to pick value, etc between both MMS-NT and time domain receiver

measurements (MTA/SO) in order to check the current phase calibration procedure

performance.
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