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DESIGN AND IMPLEMENTATION OF A BROADBAND IMPEDANCE
MATCHING NETWORK USING SIMPLIFIED REAL FREQUENCY
TECHNIQUE MATCING 6.25 OHM OUTPUT IMPEDANCE OF A HIGH
SPEED DAC TO 50 OHM

SUMMARY

One of the main concerns in RF design is transferring the power between terminals
with different terminations. In this regard, impedance matching networks can play a
crucial role in surmounting this issue. As the master thesis, this study was therefore
conducted for purpose of designing and implementation of an impedance matching
network as the output stage of a high speed DAC matching 6.25€Q to 50€Q2. The design
was accomplished by using SRFT (Simplified Real Frequency Technique) introduced
first by Prof. B. S. Yarman and H. J. Carlin in 1982. This thesis consists of six
chapters, dealing with the theory of the project, the software coding process in Matlab,
simulations and verification, test circuit design and realization and the integrated
design in TSMC 0.180 um technology process. In the first chapter, the motivation of
the study is investigated. As it is mentioned, in order to design a high-speed data
converter satisfying defined design goals, there is a need for a small output load which
in this study is a resistive load with value of 6.25 ohm. Since the value of output load
is different from the standard common loads such 50 ohm or 75 ohm there is a need
for an impedance matching network for avoiding power dissipation. The second
chapter deals with fundamentals of the chosen approach for designing desired
impedance matching network. The third chapter explains how the technique is
implemented in Matlab programs. In the forth chapter, the obtained circuit from the
chapter 3 is simulated by ADS Keysight simulator. Also, some realization techniques
such as lumped to distributed conversions are applied during the simulations. The next
sections are about realization and measurement of the designed network, in this
sections the study is focused on measurement techniques. Since all of the measuring
devices such as vector network analyzers use ports with characteristic impedance of
50 ohm, for sake of applying a straight forward measuring, two test circuits with two
different techniques are designed and implemented during chapter 5. As each of the
test circuits includes a transformer before the designed impedance matching network
and after the 50 ohm port of the measuring device, such as VNA, converting 50 ohm
to 6.25 ohm . Chapter 6 tries out the integrated version of the design. In this regard,
the TSMC 180 um technology process is used. During this chapter the design is
implemented with component models presented in RF library. Although the design is
successful in maintaining the transducer power gain’s wave form but it fails to
illustrate good results in gain; giving a lossy network.
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BiR HIZLI DAC’ IN CIKIS KATI ICiN, BASITLESTIRILMIS REAL
FREKANS TEKNIGIYLE BIR GENiS BAND EMPEDANS ESLESTIRICi
AGI TASARIMI VE GERCEKLESTIRILMESI

OZET

RF tasariminda karsilagilan baslica sorunlardan biri, farkli sonlandiricilar arasindaki
giic aktarimindaki kayiplardir. Empedans eslestirici ag, bu sorunu giderme konusunda
onemli bir katki saglar. Bu tez ¢alismasinda tasarlanan empedans eslestirme ag1 bir
yikksek hizli DAC’in ¢ikis kati olarak kullanilmis ve 6.25 ohm’u 500hm’a
eslestirilmesi amaglanmistir. Tasarim, B. S. Yarman ve H. J. Carlin tarafindan 6nerilen
SRFT (Simplified Real Frequency Ttechnique) Basitlestirilmis Real Frekans Teknigi
yontemi kullanilarak gergeklestirilmistir. Bu tez, alt1 boliimden olusmaktadir. Birinci
béliimde calismanin esas motivasyonlar ve sorunlardan bahsedilmistir. ikinci boliimde
sorunu gidermek icin yaklasim ve bu yaklagim i¢in kullanilan yontemin teorisi
anlatilmistir. Uciincii boliim, yotemi matlab kodlarla uygulamaktan bahs ediyor. Bu
b6limde Matlab’da kodlarin nasil yazildigiyla ilgili bilgiler veriliyor. Ayrica bu
boliimde tasarim Matlab kodlarindan sentezleniyor. Bolim dortte benzetim ve
dogrulama tekniklerinden bahsediliyor. Boliim beste tasarlanan ag gercekleniyor.
Ayrica agin Slglimii i¢in iki test devresi tasarlanip kirmik iistii imalat sonuglari
sunuluyor. Son boliim olarak tasarlanan agin integrated versyonu 0.18um CMOS
TSMC teknoloji streci kullanarak tasarlaniyor.

Birinci boliimde, DAC’1n ¢ikis katiyla ilgili baz1 agiklamalar yapilmistir. Kullanilan
DAC, akim ¢ikis modlu DAC oldugu icin ¢ikis sinyeli akim olarak yiike basar. Bu
durumda, yuk akim seviyesini direnecek sekilde ayarlanmasi gerekiyor. Bu yuk
DAC’m diger pargalar1 gibi ¢ip i¢inde tasarlaniyor. O yiizden, srecin dokiimanlari
incelenmeli. Bilinen gibi, TSMC teknoloji prosesi alti kat farkli metallerden
olusmaktadir. Boylece, yiik i¢in kullanilan metallerin 6zellikleri cok dnemli bir faktor
sayilir. Bu ¢alismada, metal 6 ile sinyelin ylike dogru gittigi yol saglaniyor ayrica,
metal5 ,metal4 veya metal3’ten olusan bir serit sinyelin topraga gitmesini sagliyor. Ug
farkl1 alternatifi inceledikten sonra, ¢ikis akima direnecek yiikiin degeri
hesaplanmalidir. Hesaplamalar ardindan, belirlenen ¢ikis akimi igin en uygun direng
6.25 ohm tespit edildi. Tum incelemeler, TSMC dokiumanlarinda verilen degerler
iizere hesaplanmistir. Bahsedildigi gibi, DAC 6.25 ohm’luk bir yiikii kullanacaktir. Bu
durumda, DAC’1n standart yiiklerlre , 6rnegin 50 ohm veya 75 ohm, baglanmasi i¢in
bir empedans eslestirme agina ihtiya¢ duyulur. Bu caligmada, Basitlestirilmis Real
Frekans Teknigi kullanarak tasarima yol alindi. Tasarim amaci bir bant gegiren
empedans eslestiricinin tasarlanmasidir. Bant gegiren agin orta frekansi 2.4 GHz ve
bant genisligi 400 MHz olarak belirlenmistir. Basitlestirilmis Real Frekans Teknigin
sagladig1 avantajlara gdre bu yontemi kullanarak tasarim baslatildi. Tkinci boliimde,
teknigin temellerinden bahsedildi ve yontemi Matlab kodlara uygulamak igin tasarim
prosediirii 6zetlendi. Bir sonraki bolimde, boliim3’te teknigin algoritmalari Matlab
kodlarina uygulandi. Matlab programinda sayisal iyilestirme paketlerin yaninda, daha
once yazilan hazir paketlerde referans verilerek kullanildi. Matlab kodlarinda 6nce
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girig veriler tanimlandi ve bir sonraki adimda niimerik hatalarla karsilanmamak igin
normalizasyon yapildi bu teknikten yararlanarak, tim degerler bir referans degere
bolunerek kiguluyorlar. Boylece hesaplama zamani ve hata olasiligi disiiyor.
Devaminda, bir algak gegiren prototip siizgeg istenen spesifiklere gore tasarlandi ve
bir bant geciren siizgece dontistiiriildii. Stizgegin kazang karakteristigini goz Oniine
alarak, Basitlestirilmis Real Frekans Teknigiyle bant gegerin siizgece en uyum
saglayan transfer fonksiyon elde edililir ve sentez paketine verilir. Sentez paketi
verilen transfer fonksyonu pasif bir ag olarak lumped elemanlarla sentezler. Bu siirec
tasarim i¢in yapildi ve sentez paketin verdigi ag elde edildi, sonra agin eleman
degerleri denormalize edildi. Boliim 4’te ise elde edilen agin iizerine simiilasyonlar
yapildi bu simiilasyonlar S-parametreler ve elektromagnet etkiyi inceledi. Devaminda
simiilasyon sonuclarinin Matlab sonuglariyla ortiistiigli gosterildi. Bir sonraki adimda,
devre real komponent modelleriyle incelendi. Bu asamada kapasitorler i¢in Murata
firmanin modelleri ve indaktdrler i¢cin Johnson firmanin modelleri kullanildi. Pertinaks
olarak Modelithics firmanm benzetim modeli kullanildi. Once devre lumped CAD
modeller le incelendi sonra, devrenin gerceklenmesini daha verimli yapmak tzere bir
takim uygulamalar ve iyilestirmeler yapildi. lyilestirme asamasinda, elemanlarin
¢oguna lumped to distributed doniisiimii yapildi. Boylece tasarim bir mixed-element
tasarim olarak hazirlandi. Tim benzetimler ADS keysight programinda yapildi. Bir
sonraki boliim, boliim 5’te, agin dlgiimiine odaklanarak, iki dl¢ciim devresi tasarlanip
ve gergeklestirildi. Bilindigi gibi, VNA ve PNA gibi 6l¢iim cihazlari, 6l¢iim igin 50
ohm’lu portlar kullanmaktalar. O yiizden, dogrudan 6l¢mek i¢in, dnce dlglim cihazin
ucu 6.25 ohm’a doniistiiriilmeli. Bu konuyu gozde bulundurarak, iki trafo, iki farkli
yotemler ile tasarlandi. Birinci trafo, ¢eyrek dalga boyu olarak tasarlandi bu tasarimda
Once ideal transmisyon hatlariyla hazirlandi. Sonra, mikro serit yollara doniistiirtildii.
Dontisiim esnasinda ADS programin Line Calculator imkani kullanildi. Boylece
pertinaksin ve transmisyon hattin 6zelliklerini girerek, mikro serit hattin 6zellikleri
hesaba katmis oluyor. Sonraki adimda, mikro seritlerle yapilan trafonun layout: ¢izildi
ve layout lizerine layout sonrasi analizler yapildi. Sonra layout etkilerini kapsayacak
sekilde bir sembol olarak hazirlandi ve sonraki analizlerde layout sembolu kullanildi.
Diger trafo ise lamped elemanlar ile tasarlandi. Bu tasarim tamamen optimize
teknikleriyle tasarlandi. Tasarimi elde ettikten sonra lumped to distributed dontigiimii
yapildi ve tim elemanlar distributed elemanlara ¢evirildi. Diger trafo gibi, bu
trafonunda layout’1 ¢izildikten sonra layout sonrasi analizler yapildi ve son olarak
sembole c¢evirildi. Bir sonraki adim olarak semboller empedans eslestirici aga
baglanarak tim devre incelendi ve gereken degisiklikler yapildi . lyilestirmelerin
ardindan, tiim devrenin layout’1 ¢izildi ve iiretim i¢in gerber dosyalari ¢ikarildi. Imalat
ve 6lgiim asamalart Istanbul Universitesinde yapildi ve dlgiim sonuglar1 similasyon
sonuglarina gore biiyilk oranda oOrtiisme gosterdi. Bahsedilen trafolar empedans
eslestirici ag ve Ol¢lim cihazin arasinda yer alarak dogrudan dl¢iim sagliyorlar. Diger
boliimde, tasarlanan empedans eslestirici agin ¢ip i¢i tasarimi yapildi. Bu tasarimda
CMOS TSMC 0.18 um teknoloji sureci kullanildi. Lumped elemanli ag, RF
kiitiiphanesinde bulunan komponent modelleriyle tasarlandi ve devre performansi
simulasyonlarla belirlendi. Bu asamada Cadence Virtuoso programi kullanildi. Rf
kiitiiphanesinde bulunan Inductérlerin  CAD modellerin  degerleri dogrudan
boyutlariyla belirleniyor. Bu yiizden devre elemanlarin degerlerini set etmek igin bir
test devresi kurulmali. Bolim 6 da indaktorler icin test devresi kuruldu ve boyutlari
istenen degerlere gore tespit edildi. Bir sonraki adimda, agin layout’1 ¢izildi ve layout
sonrast simiilasyonlar uygulandi. Bu asamada, devre i¢in layout sonrasi analizler
yapild1 ve tim layout etkileri dahil ederek, ag bir cell olarak tanimlandi. Cip igi
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tasarimin simiilasyon sonuglaria gore, ¢ip ici tasarim kayipli bir tasarim olarak tespit
edildi. Bu sonug yaklasik olarak tahmin ediliyordu. Yapilan arastirmalara gore, ¢ip i¢i
indaktorlerin Q-faktorleri diisiik oldugu igin, fazla kayiba sebep oluyorlar. Buna
dayanarak, ¢ip i¢i tasarimlarda kayibi azaltmak igin iki farkli yontem oneriliyor.
Birinci yontem, tasarimlarda indaktor sayisini azaltmaya galisiyor. Ama bu yontem
herzaman vyararli olmayabilir. Ornegin slizge¢ tasarimlarinda az sayida indaktor
kullanmak stizgeclerin kazang grafiklerini daha yayvan yapiyor ve bu dezavantaj
keskin filtre tasarimlarinda ¢ok baskin bir etki. Ikinci yontem ise, bu sorunu aktif
elemanlar kullanmakla gideriyor. Ornegin tranzistdrlu aktif siizgecler. Bu durumda
indaktorlerden kaynaklanan kayip bir aktif yapiyla telafi ediliyor.

XiX



XX



1. INTRODUCTION

In this chapter, the main motivation and the objective of the project will be explained
in details. First section gives some details about the data converter for which the
impedance matching network has been designed. Afterward, a short section presents
basic information about microstrip lines. Then the technical obstacles of technology

process and how the presented technique surmounts them will be investigated.

1.1 Motivation

Designing broadband impedance matching networks is one of the heated-controversy
subjects in the field of electronics and telecommunication. As an instance, one of the
major efforts in receiver designs, is maximizing the SNR at the input stage by matching
the antenna impedance to the LNA input [1]. Or as another reason which highlights
the importance of impedance matching networks is their intermediate role in
minimizing power loss when signal is transmitted between different terminations [2].
According to the maximum power transfer theory, the power on the load is maximum,
if impedance of the load and source both have a same value. But what if the load is set
by a mostly used value as if it is 50Q or 75 Q in telecommunication and RF systems
[3]. In this regard, for transferring the maximum power to the load, it is inevitable of
adjusting source impedance for equalizing its value to the value of load impedance.
But the question which raises is, how far we can count on this method. Or in other
words, is it always possible to adjust input or output impedance to any arbitrary value?

In some cases due to design conditions or technology restrains, fitting the load
impedance to a fixed value (like 50 Q) is not beneficial or even feasible. As an instance
which will be studied in the next chapter, in the design of a high speed DAC, for
achieving higher speed, output signal level must not exceed an acceptable upper value
However, used process technology may not allow signals to flow with every
magnitude on a specific load as same as 50€Q2. So the process compels and dictates
lower impedances which leads to un-matched systems. More details are given in

subsequent sections.



1.2 Objective

One of the most popular design methods of broadband impedance matching network
is a numerical method called as Real Frequency Techniques (RFTs). It can be
classified into several categories depending on the use of different approaches such as
Line Segment Technique (LST), Real Frequency Direct Computational Technique
(RFDCT), Parametric Approach (or Bode method), Simplified Real Frequency
Technique (SRFT) [4]. In this thesis, the SRFT method is utilized because of its

brilliant advantages over the other methods. Here are some to mention:

o As opposed to analytic theory, it neither requires model of load nor the
selection of the analytic form of a transfer function of the matching network to be
designed. SRFT directly utilizes the measured reflectance data and optimizes the
transducer power gain of the matched system as flat and as high as possible which in
turn yields the analytic form of the driving point reflectance of the equalizer.[5]

o As opposed to brute force computer design techniques, in SRFT circuit
topology is not selected in advance. Rather it is automatically obtained as the result of
the synthesis of the input reflection coefficient with desired element values.

At this point, it is important to assess the theoretical gain bandwidth limit of the load.
Unfortunately, analytic theory is incapable beyond simple cases in which generator
and/or load networks are comprised of several reactive elements only. However, Real
Frequency Line Segment Technique of Carlin or SRFT provides an insight to matching
problems with an excellent estimate for the upper level of the flat transducer power
gain, or equivalently the minimum return loss, over the selected frequency bands. [5].
The design involved in this thesis, is intended to be realized with lumped elements.
Whole design process has been developed by Matlab codes. The obtained topology
has been optimized by AWR and ADS software. Before implementation, the circuit
has passed all layout simulation including EM (electromagnetic) simulation.
Implementation has been done by realistic lumped elements of Murata Corporation.

The FR4 has been used as substrate

In another try, the integrated version of the network, was designed by Cadence virtuoso
program in TSMC 0.18 um technology process. Besides, the layout and post layout

analysis was done as well.



1.3 Input Network

As shown in figure 1.1 the designed data converter benefits two current steering DACs,
converting 16 bits of digital data to analogue data. According to the design specifics,
this data converter is a high speed DAC. The input digital data is separated to two
sections, the MSB and LSB. In the MSB part, the codes are converted to thermometric
codes which leads to pull a high value of current, almost 1280 u A per bit, this feature,
beside other specifics, have made a high total output current, about 80 m A, on the
load. Because of the technology obstacles, pushing this amount of current on a
standard 50€2 load is not feasible. Therefore by using a load with lower value, which
can endure more current, by applying an impedance matching network between load
of DAC and 50 ohm antenna, a signal with higher value can be pushed over load with

minimum dissipation.
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Figure 1.1: Output stage of a high speed data converter.

1.4 Microstrip Lines

Microstrip transmission lines consist of a conductive strip of width "W™" and
thickness "t" and a wider ground plane, separated by a dielectric layer (substrate) of
thickness "H" as shown in the Fig 1.2 [6]
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Figure 1.2: A cross-section of a
Microstrip transmission line.

The parameters and their descriptions are brought in table 1.1

Table 1.1: Parameters of microstrip line.

Name Unit Description
Relative dielectric constant Er is the permittivity of the
Er - substrate material relative to the permittivity of free space
€0 = 8.85¢-12 F/M2
H {Phys. Units} Substrate thickness
Tmet {Phys. Units} Metal thickness
Rho is the bulk resistivity of conductor metal normalized
Rho - to gold (that is, to 2.44 x 10 -8Q*m) So actual metal bulk
resistivity = 2.44 x 10 -8Q*Rho*m.
Tan i Loss tangent of the dielectric. This value is only used for

loss Calculations.

A closed-form approximate expression for the quasi-static characteristic impedance
of a microstrip line developed by Wheeler [7-9] is given by:

8 8
14 + — 14 + —
Zy 4h e. 4h e. 4h 1+e,
Zmitine = ————=In(1 + ( i + [(( L "2 +m ) 1.1
mline 2n2(1+¢,) Werr 11 wesy 11 weysy 2 ( )

There are many calculators on the websites or in simulator software like AWR or
ADS. Figure 1.3 and Figure 4.1 depict that tool in AWR and ADS programs
separately.
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Figure 1.3: Microstrip line impedance calculator of AWR
program.

Or as it is seen in figure 1.4 by line calculator tool in ADS
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1.5 Design Alternatives and Technology Obstacles

As it is depicted in Fig 1.5, a fabrication technology process like TSMC 180 nm
presents some layers of metal and other materials in the same package. In TSMC180
nm technology process, there are six layers of metals, each upon the other, starting
from metal 1 in the lowest layer to metal 6 at the top layer. All these layers’ behavior
is as same as a Microstrip lines. With this in mind, by using physical equations of the
Microstrip Lines, the behavior of implementation can be perceived. In designing of
the mentioned DAC, metal6 is used as conducting layer and one of Metal5, Metal4 or
Metal3 as the ground layer. Since the travelling signal passes through either of
conducting layer or ground layer, both layers should flow the signal. By trying all
possibilities of choosing ground layer, maximum amplitude of signal can be calculated

in terms of current.

Metall

Figure 1.5: Layer sequence in TSMC 180nm technology process.

Case 1: M6- conducting layer, M5-ground:

H = IMD5a + IMD5b (1.2)

H . IMDSa +IMD5b (1.3)

Er &sa Esb



Case 2: M6-conducting layer, M4-ground:

H = IMD5a + IMD5b + IMD4a + IMD4b (1.4)
i ~ IMD5a + IMDS5b + IMD4a + IMD4b ( 15)
er £sa &sh £.a &b

Case 3: M6-conducting layer, M3- ground:

H = IMD5a + IMD5b + IMD4a + IMD4b 4+ IMD3a + IMD3b (1.6)
i ~ IMD5a + IMD5b + IMD4a + IMD4b + IMD3a + IMD3b

€r €sa esb £.a e.b £3a e3b

By replacing value of the parameters’ value from TSMC documentation, the results of

equations (1.1)-(1.6) are obtained as shown in Table 1.2

Table 1.2: Microstrip parameters’ value in various alternatives of choosing conducting and ground

Layer.
Parameter Description M6-M5  M6-M4 M6-M3
H Substrate thickness(um) 1.53 2.9 4.29
&r Dielectric constant 3.8 3.78 3.77
T Conductor thickness (um) 2.34 2.34 2.34
Cond Conductor conductivity (S/meter) 1.2e7 1.2e7 1.2e7

In this step, width of the conducting metal to obtain the intended impedance values is
calculated. This step has been accomplished by using the impedance calculator. For

three mentioned conditions results are given in Table 1.3

Table 1.3: Metal widths for some impedance values.

Impedances  Width (um) M6-M5 Width (um) M6-M4 Width (um) M6-M3
6.25 42.2505 80.9481 120.322
12.5 19.519 36.8639 55.0491
25 7.6761 15.2523 23.0505
50 2.20075 4.84309 7.63659

Fig 1.6 to Fig 1.8 demonstrate the relation between the width of the conducting metal

and its impedance
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Figure 1.8: M6 conducting metal, M4 ground metal.



Table 1.4 gives the current density of each metal. Thus the maximum allowed current

to flow in each metal can be calculated. These values are brought in Table 1.5

Table 1.4: Current density of metals.

Metal J(mA/um)

M1 1

M2 1

M3 1

M4 1

M5 1.6
M6 (UTM(20KA)) 4
M6(UTM(9.2KA)) 9.2

Table 1.5: Maximum allowed current.

Impedances  M6-M5 max current M6-M4 max current M6-M3 max current
(mA) (mA) (mA)
6.25 42.2505 80.9481 120.322
125 19.519 36.8639 55.0491
25 7.6761 15.2523 23.0505
50 2.20075 4.84309 7.63659

Since Metal 6 has the largest current density, it has been chosen as the conductive strip.
This is the ground layer which determines the amount of the maximum possible current
flowing through the ground metal. As it can be seen in the case of using 50 Q as the
output load, amplitude of current, maximally, is as low as 8 mA which is

approximately one tenths of intended amount of current.

In conclusion, according to the results, in order to have higher amplitude of output
signal, the limitation of process coerces the design to have loads with lower impedance
values. In this regard, an impedance matching network can transfer power from a lower
value termination to a much higher value termination such as 50 Ohm, with minimum

loss.
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2. FUNDAMENTAL CONCEPTS OF SIMPLIFIED REAL FREQUENCY
TECHNIQUE (SRFT) AND DESIGN PROCEDURE

In this chapter, firstly some basic definitions and rules will be reviewed, afterward by introducing
the main idea of the design, the design procedure which benefits the SRFT, will be studied with

its mathematical derivations and equations.

2.1 Two Port Networks

A pair of terminals through which a current may enter or leave a network is known as a port. A
port is an access to the network and consists of a pair of terminals; the current entering one
terminal leaves through the other terminal so that the net current entering to the port equals zero.
[10-12] One of the most significant reasons of using two port networks is that, they can be used
as a black box [13] describing whole behaviors of the network. This feature brings simplicity in
analyzing, processing and above all, designing of the circuits. There are quite a few two port
network parameters as: Impedance (Z), admittance (Y) , hybrid parameters (h), inverse hybrid

parameters (g), Scattering parameters (S) Scattering transfer parameters (T), to name a few [14].

The fig 2.1 depicts a two port network. The equations (2.1) through (2.4) demonstrate

impedance, admittance, hybrid and inverse hybrid parameters respectively

Figure 2.1: A two port network.
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det Vi _ det V)

= = 2= ==

I In=0 I I1=0
) dﬁf 1'2 . _Cf L:_')
D= == o

I In=0 I I1=0

(2.1)

Vi s hy ho| [ L

I hay  hao| |V
hnd‘—e‘f ‘—1 hiz o Ll-

I Va=0 Va I1=0
o & 22 oy 22

I, Vo=0 Va [1=0

(2.3)

2.2 Scattering Parameters

gy I iy I
i = == Yiz.= =
Vi lvs—0 Valvizo
def 12 def I
o1 = = Yohi= ==
Vi Vo=0 Va Vi=0
(2.2)

I — |9 G2 Vi
Vi go1 g2 | L2

& I g1 & I
= = 3= =
Iv,l In=0 I?- V1=0
gy 3 Vy a3 Vi
g = == g = =—
Viln=o I3 [yic0
(2.4)

Impedance, admittance, and hybrid parameters which are used mostly in the Verilog

designs, are calculated directly by voltage and current signals. However, at microwave

frequencies it is difficult to measure both voltage and current signals, this obstacle is

because of the difficulty in obtaining perfect opens and shorts in higher frequencies.

Moreover Active devices may be unstable under open or short conditions [15].

Therefore, a description in terms of scattering matrix is preferred. The S-parameters

can be measured by network analyzer.

Scattering parameters are defined in the terms of incident waves and reflected waves

figure 2.2 depicts the reflected and incident waves in a two port network [16].

12



St S by,
S Sn) [+1 =
a,
Two-Port | V2 @ ) Ry
[N] ' b,

Figure 2.2: Scattering Parameters for Lossless Two-Ports [18].

Where the ak are the defined as incident waves and the by as the reflected waves at

port k. It is conventional to define ax and bk in terms of the square root of power.

Kurokawa defines the incident power wave for each port as [17]:

V1

1
a, = > [m + Real(ZO).Il] (25)
=12 _
b, - [ Reciz0) Real(Z).11] (2.6)

_1 V2
az =3 [—m + Real(Z,).12] 2.7)

1 V2
b2 =

2 [W/Real(ZO)
And S matrix is defined as [18]:

by| _ 511 512J a,
sz h l521 S22 [aZJ (2.9)

For reciprocal networks [19]

— Real(Z,).12] (2.8)

S12 = Sa21 (2.10)

For symmetrical networks [19]

S11 = S22 (2.11)

For lossless reciprocal networks [20]

1S11] = 1522 | (2.12)
And [20]
11117 +S21 17 =1 (2.13)
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Expanding this matrix into (2.9) gives:
b1 = 511. aq + Slz.az -

% = lin = Sin(input reflection coef ficient) = S11 + S13. (Z—i) (2.14)

% = S(reverse transmission coef ficient) = Sy, = S12 + S11. (Z—;) (2.15)

bz = 521. a; + Szz.az -

Z—z = Tout = Sout(output reflection coef ficient) = S,, + So1. (Z—;) (2.16)
% = S(transmision coef ficient) = S;. = S31 + S22. (Z—i) (2.17)

Above calculations suggest that, in the case of resistively terminated two different 1-
port networks [S and L as seen in Fig. 2.3) attached at the input and output of the 2-
port network, scattering parameters can be rewritten to include the effects of the newly
added 1-port networks. This whole structure therefore describes a new "black box" as
shown in Fig 2.3.

v, S (511 512) 1 Z

521 522

Figure 2.3: Two port network with arbitrary load and generator
Termination.

To explain more, let us start with some fundamental definitions of scattering
parameters. Sy is the reflected power to generator where both generator and output
are loaded by reference load Zo [17]. In this case, according to the maximum transfer
power theorem, the power transferred from generator to the load of a network is

maximum. Therefore there would be no reflected power on load; hence a,=0.

Si == |(az = 0) (2.18)

Nevertheless, T'in or Sin is called input reflection coefficient of system which

demonstrates the reflected power from output load to the looking point, where the

14



output is terminated by any arbitrary load. So it can be concluded that I'in or Sin is the

new S,; of the whole system including terminating loads with arbitrary values.

Similarly T',,,; or S out is output reflection coefficient of network, regardless of input
termination. While S,, is the output reflection coefficient where both of generator and

output is loaded by Zo. Again, according to the maximum transfer power a,=0.
b
Sp2 = a_z |(a; = 0) (2.19)

Also, S;. and S, are transmision coefficient and

reverse transmission coefficient of the network respectively, regardless of input or
output terminations, respectively, where S21 and S12 are transmision coefficient
reverse transmission coefficient of the network where both of generator and output

is loaded by reference load Zo.
S21 = |(a = 0) (2.20)
S12 = % |(a; = 0) (2.21)

Hence, the network of figure 2.3 can be considered as a black box which its new S-

parameters describe its behavior as figure 2.4 depicts.

¥ (I‘in Srtc)

Ste Tout Zy

Figure 2.4: S-parameters of total system including unmatched.

As it was mentioned before, this project deals with single matching problem, so let us

study the scattering parameters of single matching problem in more details.

2.2.1 Single matched system with matched load

In this case, as shown in the figure 2.5, the load is terminated by matched impedance
therefore, reflected coefficients must be calculated. Let’s call the network,
Equalizer. In this regard, E,4, E,,, E,; and E;, stands for S;4, S,,, S,; and S;,,

respectively
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Iy

Figure 2.5: The load is terminated with matched impedance and generator is
terminated by an arbitrary load.

l'out = Sout(output reflection coefficient) = E,, + E,;. (al) (2.22)

a2

Since G,, and E;; isseen in opposite direction,

b1 _aG1 _ 1
al  bGl Gy (2.23)
Also from (2.13) we know
b1 2
—=E +Ep. () (2.24)
By replacing (2.22) equation into equation (2.25)
1 az al _  Gap.E3p
Gaz Ei1 + Eqo. (al) ~ @2 1oGuEn (2.26)
By replacing (2.26) into (2.22)
= = _F12:Ez1
Tout = Sout = Gy,,. [1—622.E11] + E,; (2.27)
Tout = sout = E33—G22(E22.E11—E12.E21) _ E22-Tg. AE (228)

1-5S11.5G11 1-E;1.Tg
And for lossless reciprocal networks, when all mismatched loads are included:

|Tout| = [Tin| (2.29)

2.2.2 Single matched system — matched generator

In this case, as shown in the figure 2.6, the load is terminated by matched impedance

so by a same calculation
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Figure 2.6: Matched generator, unmatched load.

E11—L11(E22.E11—E12.E21) __ E11-TL.AS
1-E3;3.L11 1-Ep, Iy

sin =Tin = (2.30)

And for lossless reciprocal networks, when all mismatched loads are included:

|[Tout| = |Tin| (2.31)

2.3 Verification by T-Parameters

This results can be acquired by using cascade S-parameters calculation. The other
group of parameters describing a two port networks are Scattering transfer parameters
(T-parameters) [21]. The total T-parameters of some cascade networks is
multiplication of their T matrix. Also there is a connection between T-parameters and
S-parameters. So after multiplying T-matrices and getting total T matrix, the S-
parameters can be obtained through T to S conversion. Figure 2.7 depicts the cascade
situation in which the scattering parameters of the whole system is obtainable by its

equivalent T-parameters

3

.

Figure 2.7: Cascade networks.
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The total T matrix is calculated as [21]:

TTL = Tl' T2. T3 - Tm (232)
where:
T, T,
T — < mill le) 233
™= Tzt Tz (2:33)

The relation between S-parameters and T-parameters is as below [21]:

S to T conversion:

1

Ty, = So1 (2.34)
Ty = — 2 (2.35)
Ty = % (2.36)
T,y = —g (2.37)
T to S conversion:

S =12 (2.38)
Sy = ;‘—T (2.39)
Sy = i (2.40)
S,y = —% (2.41)

Let us investigate two situations of single matching problem discussed in previous

section.

2.3.1 Single matched system — matched load

Figure 2.8 depicts block schematic of a single matching situation with mached load

Zy

'J_r G E } Zo

Figure 2.8: Unmatched generator, matched load.
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G = (G“ Glz) (2.42)

GZl GZZ
E E
11 12
P=(g g (243)
21 22
1 Gz By Y Ga2AE
G21 Gz1.E21 Gz1.E21  Gz1.E2q
T..Tr = 2.44
G E G11 _ AG.Eq1, _ G11.E22 AG.AE ( )
G21.E21  Gz1.E2q G21.E21  G21.E21
G11-4G.E14 ATG
_ 1+621.E21 Tll
S¢ = 1 Ezy_Goy AE (2-45)
T11 1-Gz2.E11

As it can be seen, the S22 of the whole network, including load of generator, is the

same thing we obtained in (2.28)

E22 - FG' AE

Lout = S22 = 1— By T,

The same thing is true about the other single matching problem

2.3.2 Single matched system — matched generator

As shown in the figure 2.9, the system can be a single matched system with matched

generator.
Z()
L -
v, E L Zi
Figure 2.9: Matched generator, unmatched load.
L L
L= ( 1 12) 2.46
Loy Ly (2.46)
E E
E= ( 1 12) 2.47
By Ex (@47)
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1 Eyplqyy Ly Ez2.AL
TG-TE — Ez1  Ezilpy Ez1.Lz1  Ezq.Lpq (2.48)
Eqiq AE.Ly, Sy1Lyy . ASAL
Ez1.La1r Ez1.L2q Sz1.Lz1 Sz1.L21
Eq1—AE.Lyq ATg
_ 1+E21.L21 T11
Se=1 1 Lyy_Egp.AL (2.49)
T4 1-E33.L14
sin = Tin = E11—L11(E22.E11—E12.E21) — E11-TL.AS (2.50)

Later, this feature of scattering parameters will be used for extracting transducer power

gain equations.

2.4 Transducer Power Gain (TPG)

The primitive role of an impedance matching network is to transfer the maximum amount of
power from source to generator. However, some extra features like behaving as a low-pass or
band-pass filter might be intended as well. In this regard we have to adjust transducer power gain
to meet the desired specifics.

As shown in the figure 2.10, when both sides of a network is terminated with matched

impedances, the TPG is equal to |S,;|? [22]

S11
( Zo

512)
521

S22

Figure 2.10: Matched generator, matched load.
However when the network is terminated with unmatched loads, the TPG is affected

by new conditions. Let’s consider the comprehensive and general condition where

there are any arbitrary loads on either source or load. As it is shown in Fig 2.11
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i S (511 512) L 7,

521 522

Figure 2.11:Unmatched generator, unmatched load.
In this case the derivation of the transducer power gain can be obtained as below

[23]:

_ PL _ 1Sa1l? (12100 ?) (11T 1)
TPG = Pays - [1-TinTs|2.|1=S22TL|? (251)

According to the maximum power theorem, if load or generator is terminated by
reference impedance, Zo, the I'; or I's respectively becomes zero. Therefore in the
cases of single matching problem, the derivation undergoes some changes as shown in

the next sections.

2.4.1 TPG of single matched system — matched generator

Case one: the source is terminated by Zo. As shown in the figure 2.12 the system is

single matched system with matched generator.

Ty

S11 S12
v ( ) L Zo
S21 S22

- — R

Figure 2.12: Unmatched generator, unmatched load.

Since Zs = Zo, I's = 0 the equation (2.51) undergoes some changes as below

TPG = PL — ISaal? (-INLl?) (2.52)

Pays |1_5221—‘L|2

Let’s verify (2.52) by another approach. As it was stated in before, scattering parameter

can be rewritten to include load effects. So:
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e S11 — T (822- 811 — S12-S21) _ S11 +TL.AS
sin =Tin =

1_522'FL N 1_522'FL

For lossless reciprocal networks |S;1|? + |Sy1 | = 1 (2.53)
TPG=1-|5;, |? (2.54)
For this case TPG=1-|Tin|? (2.55)

Si1—T.AS
TPG = 1— |———|?

| 1 - 522. FL |
|AS|=o =g

T2 1+ (S25T)? = 2(8552T) — (S11)% — (T)? +2(511.T1)
(1 — Sp5. Ty
1S111=1S22] and |Sy1|? +|S24 |2=1) 1S211% .(1-|TL1?)
[1-522TL|2
2 (1_ 2

TPG = M (2.56)

[1-S2,TL |2

2.4.2 TPG of Single matched system — matched load

Case two: the load is terminated by Zo. As shown in the figure 2.12 the system is

single matched system with matched load.

<511 512)
S21 S22

<o

in

1-‘out

Figure 2.13: Unmatched generator, matched load.

Since Z. =2 I, =0 also I'y;, =511

PL _ [Sy1]%.(1-ITs|%)
Pgys |1_511FS|2

TPG =

(2.57)

According to the (2.28)
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522 - l-‘S('S‘ZZ'Sll - 512 '521) — 522 - l-‘SA'S
1 _Sll'FS 1 _Sll'FS

sout = T'out =

For lossless reciprocal networks |S;1| =[S, |, and |S11|? + [S21 12 = 1,
TPG=1-|S;1 > =1 =S5, |?

For this case TPG=1-|Tout|?

Sys — I's. AS

TPG= 1-—
|1—grm

|2

521
BTS2t 1 4 (S1als)? — 2(514Ts) = (S22)? = (T)? + 2(S22.Ts)

(1—51.Ts)?
IS11|=|S22] and |Sz2|* +|S21 1>=1 |s,,|2 (1-|I's|2)
|1-S11Ts|?
2 _ 2
TpG = S22 (1-IrsP?) (2.58)

|1-S11Ts|?

2.5 Driving Point Impedance

According to the Darlington theorem any positive real [24] immitance function can be
realized as a lossless two port in a resistive termination R [25]. So by designing a
desired PR (positive real) impedance or admittance function, the network can be
realized by means of lossless elements. In SRFT the process of design starts with
defining the driving point reflectance function of the system and ends with calculating
its TPG according to the defined impedance network. Then by doing this procedure in
an optimization loop the desired TPG is obtained. In the previous section, the TPG
equation has been extracted in terms of scattering parameters. In order to have a
perspective about the relation between impedance of a network and its TPG, the
relation between S-parameters and impedance characteristics are derived. Moreover
the TPG is rewritten in terms of impedance characteristics. Merging (2.6), (2.5) and
(2.18) gives:

V1 _
S . = [ Real(Zg) VReal(Zo).I1] _ Zin—Ro
1 = Vi / T Zi+R
[ Real(Zo)+ Real(Zy).11] inTERo

(2.59)

Zin, signifies the input impedance of network when both of ports are terminated by Zo
figure 2.14
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S Sl kel <

Two-Port V; @ (ff 20
[N] |(_] b,
|Zin Zout|

Figure 2.14: Two port network, terminated by matched loads.

Doing the same for (2.8), (2.7) and (2.19)

V2
reaizey VREHZDI2) z5ue—Ro

+/Real(Z20).12] Zout+R0

§22 = (2.60)

[ V2
JReal(Zo0)

Let’s call Zout and Zin, back-end (Zp) and front-end (Zr) impedances
respectively. For extracting the derivation of TPG in terms of impedance,

impedance characteristics of Sin (I';;,) and Sout (T',,,¢) Must be acquired.

2.5.1 Impedance based TPG of single matched system — matched generator

Case one: the source is terminated by Zo. As shown in the figure 2.15 the system is

single matched system with matched generator.

S11  S12
Vg ( ) L Z(]
S21 S22

T — <t

Figure 2.15: Matched generator, unmatched load.

As mentioned before in (2.55)

TPG=1-|Tin|?
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S11—T;(522.511 — §12.521) _ S11.T;.AS
1—8522.T, 1-S522.T,

sin =Tin =

Also I'L is input reflection coefficient of the output load. By the same way used in

(2.59) we can say:
_ 71
I, =2 (2.61)
. ZL-ZF
Sin =Tin = ETRYT: (2.62)

By implementing (2.59)-(2.62) into (2.56) and (2.58) TPG derivation of single
matching problem is obtained in terms of impedances

_ 4.RF.RL
T (RF+RL)2+(XF+XL)?2

TPG (2.63)

2.5.2 Impedance based TPG of single matched system — matched load

Case two: the load is terminated by Zo. As shown in the figure 2.16 the system is

single matched system with matched load.

s

B ¥
i S (511 512) Z
- 521 S22

ﬂ—x‘ 43\~|

T“; rout

Figure 2.16: Unmatched generator, matched load.

In a same way:
Zg—1
[ = Zcr1 (2.64)
TPG=1-|Tout|? (2.65)
ZG—ZB

Sout = lout = PRI (2.66)

_ _ S22-T((522.511-512.521) _ S22-T(.AS
sout = l'out = 1-S11.Tg T 1-S11Tg

4.RB.RL

TPG = (RB+RL)2+(XB+XL)?2 (2.67)
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2.6 Overview of Simplified Real Frequency Technique

Generation of the TPG function can be accomplished by various techniques. As stated before,
this thesis benefits the SRFT. The heart of this technique resides in creation of a driving
point reflectance function for the lossless equalizer to be designed by a nonlinear
optimization process. This reflectance function is formed as a rational function whose
coefficients of the numerator polynomial is determined by the said optimization
starting from the unknown values of the coefficients which were chosen in an ad-hoc

manner before the optimization begins [26].

As the start point, let us investigate some properties of reflection coefficient

(Tout or I'in let’s call it T for both situations of single matching problem ).

If a loss-less one-port consists of passive lumped elements such as inductors,
capacitors, resistors and transformers then, the back-end or front-end impedance (as a
general situation let us call it Z for both states of single matching problem) is a positive
real function (PRF) and rational function in the complex variable p= jw and it is

expressed as [27]:

(2.68)

where both numerator N (p) and denominator D (p) polynomials are Hurwitz [27],
perhaps with simple roots on the imaginary (or real frequency) axis p = jo of the

complex p — plane. Thus, y (p) = 1/z (p) is also a PR-rational function in p. In this

. . -1 . . .
case, the corresponding input reflectance T' = ZZ? must be a real rational function in

p such that [28]
h (p)
I = 2.69
(P) g (P) (2.69)
h (p) = N(p) — D(p) (2.70)
h(p)=hip"+hap™2+hsp™+...+hy (2.71)
And
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g (p) = N(p) + D(p) (2.72)
=g "+ g2 p"EH gz p™i ...+ gn (2.73)

where degree “n” of the polynomials h (p) and g (p) refers to total number of reactive
elements (i.e. capacitor and inductors) in the one-port under consideration [29].

Subtractions of Hurwitz polynomials results in an arbitrary polynomial with real
coefficients [30]. Therefore, the numerator polynomial h (p) is an ordinary polynomial
with real coefficients. On the other hand, addition of two Hurwitz polynomials results
in Strictly Hurwitz polynomial which has all its roots in the closed Left Half Plane
(LHP) [30]. Thus, the denominator polynomial g(p) must be strictly Hurwitz which
makes the reflection coefficient I' (p) regular on the jw axis as well as in the Right Half
Plane (RHP) in the complex domain p = ¢ + jew. In other words, I" (p) is bounded over

the entire frequency band as well as in the open RHP.

For lossless one-ports T' (p) =1 [27]. Thus

F(p)<l,vp=02>0. (2.74)
The rational form of T' (p) = h(p)/ g(p) is called the Bounded-Real (BR) function.
And  h(jo)? < [g(jw)l? (2.75)

Amplitude square functions of |h (jw) |? and |g (jw) |? in real variable w, define

non-negative even polynomials H (?) and G (w?) such that [27]

h (jo)h(-jo) = H@?) = Hi @ "+ Hy "2+ Hz 0 "3 + ... + H, >0 (2.76)
g (j0)9(jo) = G(0?) =G1 0™+ G w2 + Gz w3 +. .. + Gy >0 (2.77)
With

H (w?) <G (w?) (2.78)

At this point, we can comfortably state that one can always find a non-negative even

polynomial F (02) =f (jo) f (Fjo)=Fio™+ Fo 0™ +Fsw ™+ ...+ F,

A little bit more complicated form of f (p) may have only multiple zeros at DC such

that f (p) = p*. This form corresponds to a band-pass structure [31]

Fp) =f()-f* () (2.79)
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G (@?) = H (0?) + F (0?) (2.80)

The mirror symmetric roots of
GEp)=Gip™™ Gp®™2+G3p?5+ ... +Gp
Is determined by means of a well-known root finding techniques [32].
9(@) =G II}s(p + o7) £ jyr (2.81)
Where pr =—or + jyr isaLHP root of G

Now, the impedance, reflection coefficient and subsequently the TPG can be

obtained:

_N®) _9() +h(s) o h(s) _ N() -D(®)
D(p) g(s)—h(s) g(s) N(p)+D(p)

TPG=1-|T|?

2.7 Design Procedure

1. In the first step, h polynomial is defined as it is mentioned
h (p) = N(p) — D(p) =h (p) = ha p™*+ hz p™* + h3 p™ + ... + hy

2. In the second step, the f polynomial is defined as:
f=p"

3. Third step is defining the g(p) polynomial
G (w?) =F (w?) + H (w?)

g) =G, H(p + or) * jyr

4. In the fourth step, input reflection coefficient and back-end or front-end
impedance are derived as

_N®) g+ h() _h(p) _ N(p) —D(p)

25D "9 —hm | g - Np+D®)
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Finally, in the fifth step, replacing p? by —w?, T (»?) is generated as in

TPG = 1 — |Tout|? = |522|2'(1 - |Fs|2) _ 4.RB.RL

|1 —S13Ts|? (RB + RL)? + (XB + XL)?
TPG = 1 — |Tin|? = 1S1al” . (A =T _ 4.RB.RL

|1 = S3,Ts]? (RB + RL)% + (XB + XL)?
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3. EFFECTIVE NUMERICAL IMPLEMENTATION OF SRFT IN MATLAB

In the previous chapters, the theory of design and related techniques were investigate.
This chapter deals with applying studied methods into Matlab programming language.
During the chapter programing techniques and used packages will be investigated with
details and finally the design will be wrapped up by synthesis package. As mentioned
before, the objective in this thesis is designing an impedance matching network for
output of a high speed DAC, matching an equivalent termination resistance of 6.25
Ohm at its output to a standard 50 Ohm. Since the operating frequency is 2.4 GHz, the
matching network is decided to have a Chebyshev band pass form with a center
frequency 2.4 GHz and a bandwidth of 400 MHz As long as a discrete circuit design
is intended, parasitic effects related to the pin and the package should be taken into
account. The Fig 3.1 demonstrates an overall estimation, there is a parasitic inductance
between package and pin which is about 2nH also there is a parasitic capacitor between

substrate layer and conducting layer, around 0.5 pF.

BB Matching

......

BB Matching

Figure 3.1: Output of the DAC with modeled parasitic effects.

As stated in the previous chapter, the designed equalizer is a two port network. So, the

whole system with its parasitic effects can be modeled as shown in fig 3.2.
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Figure 3.2: Model of the parasitic effects attached to two-port
equalizer network.

3.1 Defining Inputs And Specifics

First of all, the specifics of the design like center frequency, upper and lower corner
frequencies and bandwidth should be defined. Also, the generator and load side

impedances are needed to be defined.

3.2 Impedance And Frequency Normalization

The first and foremost step in a microwave design is to apply a normalization
procedure in order to reduce the calculation time and avoid numerical or even

convergence errors. Let us explain this advantage through an example.

Suppose, there is a TPG with characteristics as below:

_ p*+p?+3
TPG ==-— = (3.1)

And, let the operating frequency is in the order of GHz. In this regard, if the TPG is
evaluated at the frequency of 2.4 GHz, its value will be about 1.5080e+10 now suppose
this value repeats during 5000 optimization loop. With no doubt, it will take a lot of
time and may lead to numerical errors. Therefore, without any reservation it would be
better to normalize huge numbers to small ones. The base frequency for normalizing

is chosen as

Wy = A/ Wp. W] (3.2)

Where:

w; = Z.TT.fl (33)
Wy = Z.H.fh (34)
fi=f.-% (3.5)

32



fi=f.—% fe=24BW=04, (3.6)

3.3 Prototype Filter Design

Next step is defining the prototype filter. In this step, the desired band-pass filter is

defined so that the optimizer function follow its characteristics.

Firstly a prototype low-pass filter is designed, then that filter is transformed to a band
pass filter, by using a low pass to band pass transformation. The band pass filter will
have the desired specifics given by the designer such as center frequency fc, bandwidth
B, pass band ripple Ap (dB) and stop band attenuation As (dB).

. This package is prepared by Dr. Ramazan Koprii the filter’s characteristics is defined
such that suit our bandwidth spesific.

3.4 Applying SRFT And Optimization

This section is about defining H, F and consequently the G and g function. As
mentioned in chapter 2, the extracted TPG of these functions should suit the desired
TPG. Therefore, there should be an optimization loop to iterate the TPG and rebuild
until it finds the best solution. This process accomplishes by taking the advantage of
fmin search optimization function of Matlab. After getting the best TPG function, the
program gets out of optimization loop and hands over the results to the synthesis
package.

3.5 Synthesis

In this step, the program synthesizes the back-end impedance network which is
obtained according to the best gained TPG function. The synthesis function is
performed by the Matlab package which is recently introduced into the literature by
Prof. B. S. Yarman [33].

Inside the synthesis package a controller flag is added to check if the impedance
network is synthesizable or not. In the case of negative answer the program gets out of

the synthesize function and restart it.

figure 3.3 and 3.4 illustrate the designed network’s schematic and its TPG

characteristics
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Figure 3.3: Synthesized network

Figure 3.4: TPG of synthesized network

3.6 Denormalization

Since all the given values are in normalized form, the output is given in the normalized
form as well. Therefore, in order to obtain the actual values, there should be a

denormalization over values[34].

LpZ

Lyt = wn" (3.7)
Cn

Cact = onZo (3.8)

Race = Zo- Ry (3.9)

Where wn =wo. 10°
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4. SIMULATION VERIFICATIONS AND REALIZATION TECHNIQUES

4.1 Software Simulations

After denormalization of the obtained values, the designed network with actual (i.e.

denormalized) element values is simulated with ADS software. Figure 4.1 depicts the

schematic. As it is shown in figure 4.2, the network gives the same result acquired by

Matlab program. The network performances obtained from the simulations are observed to

be in a high degree of agreement to those of the Matlab design.

—

L2H c
cs

ce
C=1.22pF

TE’mE
Z 5 25 Ohm

1 i

Lo s
=22 g
7=500hm
‘: 1o
I C-05pF

Figure 4.1 Schematic of the design.
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Figure 4.2: The magnitude of the network’s TPG.
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The magnitude of the network’s TPG is given in table 4.1

4.2

Table 4.1: The magnitude of the network’s TPG.

Frequency Magnitude (dB)
(GH2z2)

0.5 -62.9023
0.9 -42.9099
1.3 -29.1144
1.7 -15.766

2.1 -1.29003
2.3 -0.450179
25 -0.228171
2.7 -0.606192
3.1 -9.53214
3.5 -17.4692

Sensitivity Analysis

In this step the sensitivity of the network is examined by changing the values of

elements by random +/— 4%

Since two first elements are the parasitic effects of package, they are not counted as

parts of network. Hence, they are excluded from the sensitivity analysis. New elements

affect the magnitude of TPG. The results are brought respectively in table 4.2

Table 4.2: TPG results of the sensitivity analysis.

Frequency Ideal Sensitivity 1 Sensitivity 2 Sensitivity 3
(dB) (dB) (dB) (dB)
-8.01806 -7.60867 -9.63978 -8.19892
2 -4,09862 -3.65114 -5.65003 -4.15349
2.1 -1.29003 -0.956142 -2.1908
2.2 -0.400404 -0.227062 -0.440591 -0.231181
2.3 -0.450179 -0.327037 -0.21998 -0.324913
2.4 -0.455112 -0.328831 -0.317128 -0.383294
2.5 -0.228171 -0.117645 -0.218149 -0.190787
2.6 -0.0683292 -0.0557949 -0.0235872 -0.0133377
2.7 -0.606192 -0.794411 -0.218626 -0.43625
2.8 -2.23845 -2.62103 -1.35721 -1.90096
2.9 -4.59419 -5.07894 -3.40121 -4.14027
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As it is obvious from the gain graph, figure 4.3 and tables, by sweeping the values of
the elements the TPG does not change significantly.

2.0U1 GHZ
-0.02481 dB
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I DB(GT()
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5 DB(S(2,1)

seni [
— DB(S(2,1)
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= DB(S(2,1)
sen3

14 1.9 2.4 2.9 3.4
Frequency (GHz)

Figure 4.3: TPG results of sensitivity analysis.

4.3 Lumped To Distributed Conversions, Layout And Post Layout

Simulations

For designs which include lumped elements, the best way to obtain more realistic
results out of simulations is using the practical CAD models of the lumped elements
presented by producer or other modeling corporations. However, the features of the
technology used for soldering the lumped elements have a great effect on elements’
behavior in practical. In another word, various soldering technology may lead to
various behavior of elements different from their CAD models. Thus, while the
soldering technology is not trustable enough, it had better to avoid using lumped

elements by converting them to distributed elements.

Series inductors and shunt capacitors are among the most efficient conversions which
the design consists of three series inductor and three shunt to ground capacitors. Thus,
the realization of the network can be a mixed elements implementation with four
lumped and six distributed elements. Figure 4.4 depicts the lumped elements which

are converted to distributed elements
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Figure 4.4 Eelements inside the boxes efficiently can be
converted to distributed lines.

As it is seen in Fig 4.5 [35], by using the conversion formulas, the distributed

equivalent of each element can be obtained

Series Inductor

X=Zysin®
Zo; ©
6 < 45°

Capacitor Shunted to Ground

X= 1 X=Zp cot ®

o C
: | Zo,; 0
6 < 90°

Open

Figure 4.5: Lumped to distributed
conversions for series inductor
and shunt capacitor.

Lw=Z, sin@ (4.1)

L= Z, cotf (4.2)

wC

Also In order to have accurate implementation, simulations must be upon real models
of materials like connecting ways, substrate and realistic models of the elements to
name a few. In order to include effect of connection traces, ideal microstrip line

(MLIN) symbol in component palette in ADS is used in the schematic. Figure 4.6

illustrates a substrate modeled used in realization.
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Figure 4.6: Substrate models in ADS.

By using mentioned models, the schematic of the design is prepared as shown i
figure 4.7.

Figure 4.7: Schematic of the network with including parasitic effects.

Moreover, realistic element models of Murata are used for all the passives, i.e.

inductors and capacitors.
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Figure 4.8: Realistic element models of Murata to be used as
passives.
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As it is seen in figure 4.9, CAD models of Murata are used during simulation
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Select Parameter Mominal Value
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Type=
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Maximum Value
n], 100[MHz]-8.5[GHz]: 406 -

/| Display parameter on schematic

Component Options...

QK. | | Apply | | Cancel

Reset | | Help |

Figure 4.9: Realistic models of parameters.

By auto layout extraction feature of ADS, the layout of the network extracted as

below

Figure 4.10: Layout extraction of the designed network after
applying lumped to distributed conversion.
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4.3.1 EM-simulation

Since there are two parallel layers of conducting and ground layers, there might be an
effective electromagnetic factor to impair the performance of the network. That is why
running EM-simulation is necessary to verify performance of the network. After
defining the substrate and ports, ADS can run the EM-simulation based on defined
factors and layout. Fig 4.11 demonstrate the circuit schematic to be used in the EM-

simulation.

Figure 4.11 Schematic of the network based on EM model.

Finally the optimization yields the best set of components based on optimization goals
defined in advance. Figure 4.12 depicts the best TPG graphic found by optimization

program.

m1 m 2 m3
freq=2.200GHz req=2 400GHz freq=2 600GHZ
dB(S(2,1)F-1.639| [dB(5(2.1))=-1.351| |dB(5(2.1)=-2.829

2
0 mfﬂ 5

ma
teq=2 300GHzZ
dB(S(1,1))=-0.463

ms
req=2 500GHzZ
dB(S(1,1))=-20.702

freq, GHz

Figure 4.12 Result of the TPG simulation.
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5. DESIGN AND IMPLEMENTATION AND MEASUREMENT OF THE
TEST CIRCUIT

The impedance matching network is designed to match 6.25 ohm to 50 ohm. Pointing
out this fact that the mesuring devices such as Vector Network Analyzor (VNA) use
ports with characteristic impedances of 50 ohm, suggests an essential need of an
intermediary transformer between 50 ohm port of VNA and the designed network’s
input, supposed to be 6.25 ohm, for contribution to a straightforward mesurement. Fig

5.1 illustrate the proposed method.

Vector Network Analyzer (VNA)

y N
E=
® 838
-
does
- [=T=1=] i
Port1(50 2) y \ Port2(500)
Transformer Band-Pass Impedance

(converting 500 to 6250) Matchina Network 6.250- 500

&

Figure 5.1: The proposed method for measuring the
impedance matching network.

In design process of the mentioned transformer, two different approches have been
chosen. The first approch is designing a transformer by quarter-wavelength

transmission lines and the second one is designing a transformer by lumped elements.

5.1 Designing A Transformer By Quarter Wavelength Transmission Lines

The design process begins with a series of analytical calculations aimed at determining
an acceptable set of parameters for the lengths and widths of each quarter-wave section
[36].
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After determining the wave lengths and characteristic impedances of transmission

lines the design accomplished as it is shown in figure 5.2

S-PARAMETERS
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z 7 40 Ohm {t)
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T2
7=22 1 Ohm {t}
E=89 E=93
F=3GHz

|

F=3 GHz

Figure 5.2: The designed transformer by means of quarter

wavelength transmission lines.

As it is seen in the schematic brought in figure 5.1, the designed circuit transforms 50
ohm of the input, here is VNA, to a 6.25 ohm port which is the input port of the
impedance matching network. The S21 and S11 of the transformer is shown in fig5.3.

m 1

m5 m2
eq=2.200GHz ([freq=2.400GHz ([freq=2.600GHz
dB(S(2,1))=0.012|dB(5(2,1))=-0.014|dB(5(2,1))=-0.016
minfm2
L0 YYY
T D( 4 3
=7 freq=2 400GHz
. / dB(S(1,1))=-24 905
15— m4
ffreq=2.200GHz
20— dB(S(1,1))=-25 460
2E, mma me
B freq=3 010GHz
ET dB(S(1,1))=-31.499
T T T T T T T T T
00 05 10 1 20 25 30 3 40 4 i]
freq, GHz

Figure 5.3: The S21 and S11 of the transformer.

As it is seen, the designed transformer performs well in desired bandwidth. Let us

attach the transformer to the matching network to investigate the performance of

transformer in all whole system. The figure 5.4 depicts the schematic of the whole

network

Figure 5.4: The designed transformer attached to impedance
matching network.
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As it is seen in fig 5.5 the transformer totally satisfies our design goals

m4
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05 1.0 15 20 25 30 35 40 45 50
freq, GHz

Figure 5.5: S21 and S11 of the schematic in fig 5.3.

5.1.1 Layout and EM simulations

Because of the reasons mentioned in previous chapter, a conversion from ideal
transmission lines to microstrip lines should be applied. As shown in figure 5.6, this

step benefits the Line Calculator tool in ADS Agilent software.

SN

LineCalc/linecallcs

Figure 5.6: ADS line calculator.

The line calculator calculates the width and length of microstrip lines corresponding

to ideal transmission lines designed already. Fig 5.7 decpicts the schematic of the

transformer set by microstrip lines.
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Figure 5.7: The transformer by microstrip lines.

By using Auto-layout extraction feature of the ADS simulator, layout of the

transformer is aquired as shown in fig 5.8

Figure 5.8: Layout of the designed transformer.

As shown in fig 5.9, running a simulation while the EM-extracted model of the
transformer is attached to the impedance matching network, gives a perspective
about performance of the transformer in test circuit. The simulation results are
brought in fig 5.10

Figure 5.9: The EM-extracted model of the transformer is
attached to the impedance matching network.
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Figure 5.10: S21 and S11 simulation of the schematic in fig 5.9.

5.2 Designing A Transformer By Lumped Elements

Transformers can be realized by means of LC networks as well. Fig 5.11 and Fig
5.12 demonstrate schematic of the designed transformer by means of lumped

elements and its corresponding analysis respectively.
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Figure 5.11: Schematic of the transformer designed by means of
lumped elements.
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Figure 5.12: S21 and S11 analysis of the schematic in Fig 5.10.
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5.2.1 Lumped to distributed conversion

The designd transformer consists of two series inductors and two shunt capacitors. By

means of conversion equations (4.1) and (4.2) , the distributed design can be obtained.

After applying conversion equations and running some optimizations the final circuit
is to be designed as shown in figure 5.13.
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Figure 5.13: The transformer after lumped to distributed
conversion.

By using Auto-layout extraction feature of the ADS simulator, layout of the

transformer is aquired as shown in fig 5.14

+
.'r.«.i;.

+ o+

+ o+

+ o+

Figure 5.14: Layout of the designed transformer.
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The Fig 5.15 demonstrate a good comparison between performance of the transformer

with lumped elements and it equivalent distributed design.

short dash: Result of equivalent distnbuted design
solid line: Result of lumped design

m 1 m2 m3
freq=2.200GHz freq=2.400GHz freq=2 600GHz
dB(S2.1)=0285| |dB(5(2,1))=-0.065| |dB(S(2,1))=-0.457
mmnin3

o v ¥ ¥

dB(altemative2..(2,1)
dB(S(2,1))

freq, GHz

Figure 5.15: A comparison between the design with lumped
elements and its equivalent distributed design.

Having run the EM-simulation, the design is attached to the impedance matching
network with ideal elements in order to test the transformer’s performance in test
circuit. The schematic and simulation results are presented in Fig 5.16 and Fig 5.17

respectively.

Figure 5.16: Impedance matching network attached to the
transformer.
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Figure 5.17: S21 and S11 analysis of the schematic in
Fig 5.15.

5.3 Implementation Of The Test Circuit

As studied in previous chapter, for sake of accuracy in CAD simulations, some
modifications have been applied to the circuit. And the final circuit obtained as circuit
in Fig 4.11. By attaching this network to two transformers designed in sections 5.1 and

5.2, the test circuit can be implemented.

5.3.1 Approach 1

The test circuit consists of the impedance matching network and transformer designed

in section 5.1

Fig 5.18 -5.20 depict the layout, Schematic and realization of the test circuit

respectively

Figure 5.18: Layout of the test circuit by approach 1.
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Figure 5.19: Schematic of the test circuit by approach 1 based
on the EM-model.

Figure 5.20: Realization of the test circuit by approach 1.

Figure 5.21 compares results of the test circuits in simulation and realization.
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Figure 5.21: Result of the test circuit in simulation and
realization.
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Data of the plots in Fig 5.21 are presented in Table 5. 1

Table 5.1: Data of the plots in Fig 5.20.

Frequency S21 S21 S11 S11
(GHz2) Simulation Measurement Simulation Measurement
(dB) (dB) (dB) (dB)
1.8 -15.194 -18.11 -1.357 -1.257
1.9 -11.088 -14.813 -1.788 -1.293
2 -6.278 -10.31 -3.687 -1.67
2.1 -2.02 -4.97 -12.133 -3.9
2.2 -2.365 -1.964 -12.288 -12.16
2.3 -2.556 -1.933 -8.621 -10.841
2.5 -3.401 -3.39 -6.514 -5.712
2.6 -5.806 -6.646 -3.659 -2.671
2.7 -8.881 -9.603 -2.536 -1.979
2.8 -11.837 -11.714 -2.123 -1.913
2.9 -14.437 -13.491 -1.967 -2.049
3 -16.59 -15.257 -1.986 -2.096

5.3.2 Approach 2

The test circuit consists of the impedance matching network and transformer

designed in section 5.1

Fig 5.22 -5.24 depict the layout, Schematic and realization of the test circuit

respectively

Figure 5.22:Layout of the test circuit by approach 2.

Figure 5.23:Schematic of the test circuit by approach 2 based on
the EM-model.

52



TOTRIL L R
[

Figure 5.24: Realization of the test circuit by approach 2.

Fig 5.25 compares results of the test circuits in simulation and realization.
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Figure 5.25: Result of the test circuit in simulation and realization.
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Data of the plots in Fig 5.25 are presented in Table 5.2

Table 5.2: Data of the plots in Fig 5.25.

Frequency S21 S21 S11 S11
(GHz2) Simulation Measurement Simulation Measurement
(dB) (dB) (dB) (dB)
1.8 -15.691 -19.362 -0.44 -0.229
1.9 -12.271 -16.136 -0.748 -0.343
2 -8.324 -12.177 -1.539 -0.591
2.1 -4,795 -7.743 -3.627 -1.39
2.2 -2.274 -3.627 -9.334 -4
2.3 -1.590 -1.906 -14.796 -7.636
2.4 -1.563 -1.719 -17.69 -9.413
2.5 -1.845 -1.797 -16.67 -12.214
2.6 -3.49 -3.855 -6.08 -4.94
2.7 -6.556 -7.743 -2.684 -1.842
2.8 -9.84 -11.453 -1.445 -0.945
2.9 -12.704 -14.593 -0.96 -0.575
3 -15.06 -17.053 -0.883 -0.459
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6. INTEGRATED DESIGN

This chapter is about integrated version of impedance matching network, designed by
lumped elements in previous chapters. The integrated version is based on the concept
that the parasitic effects which modeled as series 2nH inductor and 0.5 pF capacitor
still exist. The elements are chosen from TSMC 180nm library also their dimensions
get adjusted to desired values then the layout drawing and its verification simulations
are presented. Afterwards, its layout is modeled in a cell which is utilized in further
simulations. Also some comparing results are brought in order to inquiry the

advantages of using network and disadvantages of its making integrated.

6.1 Elements And Dimensions Setting

In this project the technology process of TSMC 180nm is utilized which includes an
RF library with prepared layout cells. Inside RF library, “spiral_std_mu_x_20k” and
“mimcap_2p0_sin “types are chosen as inductors and capacitors respectively. The
Cadence virtuoso can calculate the value of capacitors, while tuning its dimensions as

shown in figure 6.1

goopp«

QA dddd a1 B

Figure 6.1: There are three effective
parameters: length, width and
the number of parallel of same
capacitor which is named multiplier.
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Thus, this feature is not available for inductors. So a value calculator test bench has to
be set. As shown in figure this process are done by an AC analysis over two port of
inductor. It is well known that the impedance of an inductor is defined as it is in

equation 6.1
Z =jLw (6.1)

So by calculating impedance of the inductor, in an AC analysis, the inductor’s value
can be obtained. As shown in fig 6.2, the test bench calculates the value of inductor,
moreover by running an SP analysis, the test bench extracts scattering parameters of a

specific inductor and compares them with those of ideal one with same value.

sanalysis

57S—parameters of idedl

SR OINELers

Figure 6.2: The first cell calculates the value of inductor. The
second one extracts the scattering parameters of an
ideal inductor with the same value as first cell owns.
The last cell extracts S-parameters of first cell’s .inductor

Stated process have been run through all inductors. As an instance for the inductor

3.2nH- the results are as figure 6.3.

Figure 6.3: S21 (ideal- library model). There is almost a 0.4 dB
loss between ideal.
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M15: 2.2GHz -7.71101645 Nl M24: 2.4GHz -7.

" S 125 2.6GHz -7, 65853908,
£ 2 ﬁ 2.400494GH:
! 2 M19: 2.2GHz -8,85634108 [ 8.22420308

2% M21: 1,015811GHz |
-14.85398d8

Figure 6.4: S11 (Ideal — library model) There is almost a 0.8 dB loss

between ideal inductor and the model inductor by TSMC.
When it comes to comparing transmission and reflected coefficient of model inductor,
in comparison to ideal inductor, the reflected coefficient’s loss are less than loss of

reflected coefficient. The figure 6.5 gives a good perspective about this issue.

g ns

e = = R S—
e | 112; 1.80063GHz
- s . 1.157066d8
M13:1,005172GH: [ R T M16: 3.988508GHz|
1.04434008 5 T ——ba 951.4533mdB

M14: 1,)06429GHz |

MI5: 1.0GHz -
378.6207mdB l&tﬂ:.sswmm

Figure 6.5: Subtraction of scattering parameters of ideal and
library model.

After setting dimensions of elements, the schematic is prepared. In order to extract the
layout out of schematic and also for using the network in the subsequent simulations,

the output and input pins must be set. Fig 6.6 illustrates the schematic.

Figure 6.6: Schematic of the network by model elements. The
ground, input and output pin is set.
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6.2 Layout and Verification

As it is mentioned before, the models have prepared layout cells by extracting and

setting connection the layout is ready for post layout analysis. Figure 6.7 illustrates the

layout of the design and figure 6.8 depicts the LVS analysis which is a post layout

analysis.

1.196 mm

1.01 mm

Figure 6.7: The layout of the impedance
matching network.

Run: "BBMN" fram
NocalTMSHY ADEGARyadegaramin/assurarivs

Schematic and Layout Match
e eal

You currently have an apen run (prajec).

Do you want o close cutrent project and view the results of new run?

0 cells have 0 ma-formed device problems
& 0 label short problems
b

Figure 6.8: LVS analysis of integrated design.

Passing LVS analysis with no error means that the layout totally corresponds the

schematic moreover it includes the parasitic effects of layout. Therefore the further

simulation is better to be done based on layout cell. In this regard, as it is shown in

figure 6.9, by creating a layout cell, all next simulation will be upon layout behavior.

By choosing “layout” in cell view window.
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Cellview From Cellview (on boron07.comp.vlsi.labs)

B brery Name 1|

Cell Name BEMN

Pl From View Name |layout n
To View Name  symbal

Tool / Data Type  (schematicsymbol 5§

Display Cellview &
Bl Ecit Options

Cancel | _Defaults || _Apply | _Help

Figure 6.9: Defining the cell based on layout

6.3 Comparing Simulations

In this section three different situations are discussed. First case is where the network
is set with all ideal elements. The second design is integrated design with its layout
cell and the last one is where there is no impedance matching network applied and
6.25Q load of data convertor, with its parasitic elements, directly attached to a 50Q
load. The goal of this chapter is examining the effects of model elements besides
studying the advantages of using impedance matching network. . The schematic in

figure 6.10 includes all explained situations

Figure 6.10: The first test bench is the impedance matching
network with only ideal elements however the
second one includes model elements from
TSMC RF library. Finally thelast test bench depicts
the condition where there is no matching network.

Fig 6.11 illustrates the compares three designs including the design by ideal elements,
a design based on element models of TSMC library and the design with no matching

network attached on.
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M36: 2.0GHz -.473548dB

%
IM35: 3,5GHz -16.64877¢B,

I32: 1.5GHz -22.30414d5

137: 4.0GHz -23.57132dB)

1433; 1.0GHz -38.84476d8

iS5

Figure 6.11: S21 graphics of ideal, impedance matched system
by TSMC models and totally un-matched system,

As shown in figure 6.11, running the Sp analysis on all situations and plotting S21 of
each at the same time, gives good perspective about advantages of the network and

disadvantages of lossy integrated inductors

As accurate details the data of graphics are extracted in some frequencies in
Table 6.1

Table 6.1: Data of figure 6.11.

Frequency With ideal With TSMC With no
(GHz)/magnitude(dB) elements models of impedance
components matching network
1 -38.84 -36.30 -4.244
15 -22.3 -20.34 -4.95
2 -4.82 -5.55 -5.52
2.2 -0.31 -3.88 -4.97
2.4 -0.327 -4.01 -5.13
2.6 -0.43 -3.83 -5.3
2.8 -1.55 -4.23 -5.47
3 -5.65 -6.23 -5.65
3.5 -16.68 -14.10 -6.1
4 -24 -20.33 -6.58
4.5 -29.5 -24.56 -7
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7. CONCLUSIONS AND RECOMMENDTION

The overriding purpose of this thesis is to design and implementation of an impedance
matching network for output of a high speed DAC matching 6.25 ohm to 50 ohm in a
band width of 400 MHz with center frequency of 2.4 GHz. As studied in chapter two,
this goal was accomplished by utilizing Simplfied Real Frequency Technique.
Including parasitic effects which modeled by two lumped elements, the designed
network is made out of 10 passive elements which could be implemented by lumped
elements. However, due to weak realization technology such as soldering technology,
it was prefferd to use the equivalent distributed form of lumped elements. After
applying conversions, in order to make a straightforward measuring, test circuits was
designed. The test circuit consists of a transformer preceding to the impedance
matching network and after the measuring device transforming 50 ohm (characteristic
impedance of the measuring device) to 6.25 ohm. The transformer was designed in
two approches. The first was designed by using quarter wave length transmission lines
and the other by lumped elements. Both of the test circuits was realized and measured.
As the last chapter, the integrated form of the design was presented. Although the band
pass characteristic of the TPG plot of the impedance matching network with integrated
elements resembled to its counterpart design with disceret elements, there was a
significant loss in TPG due to integrated inductors which suffer from low Q factor. In
this regard, in order to decrease the loss, the integrated design should either be
designed with lower quantity of inductors which in turn, impairs the band pass
characteristics such as sharpness, or be designed with active elements to compensate

the loss steming from inductors which in trurn causes much power consumption.
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