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ABSTRACT

GAIN VARIATION AND NOISE FIGURE
DEGRADATION IN BALANCED AMPLIFIERS

Akif Alperen Cosgkun
Ph.D. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
July 2017

Although using balanced amplifiers in modern wireless communication systems
has many advantages, the output and the noise response of the balanced ampli-
fiers may vary from the expected value considerably due to the imperfections in
the amplifier and the divider/combiner sections. First, we analyze the variation
in the total gain of the balanced amplifiers using 2-way 0° power dividers and
90° couplers. In this context, mathematical analyses are made and analytical
expressions are obtained to compare the two topologies. Analytical expressions
show that the uncertainty in the total gain is more if the 90° coupler is used
in the balanced structure as opposed to a 2-way 0° power divider for the same
return loss/isolation values. Then, we present exact and approximate analytical
results for the noise figure and noise parameters of the balanced amplifier in di-
vider topology by using the noise waves. By the help of the noise wave approach,
the output noise powers generated by each element in the balanced amplifier are
derived. Y-parameters are used to determine the noise waves and the correlation
matrix of the divider whereas the noise parameters are used to write the noise
waves of the amplifier. Balanced amplifiers suffer in the noise figure performance
in comparison to a stand-alone amplifier even with an ideal input divider. The
noise parameters degrade further with an imperfect divider. Not only the non-
zero return loss and the isolation but also the ohmic loss, amplitude and phase
imbalances are considered. Besides, non-zero optimal source impedance affects
the noise parameters of the balanced amplifier. Measurement results are also

presented as a verification.

Keywords: Balanced amplifiers, gain variation, mismatch, noise figure, noise pa-
rameters, noise waves, phase and amplitude imbalance, two-way dividers, hybrid

couplers.
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OZET

DENCELI YUKSELTECLERDE KAZANC

VARYASYONU VE GURULTU FIGURU
KOTULESMESI

Akif Alperen Cogkun
Elektrik-Elektronik Miithendisligi, Doktora
Tez Danigmani: Abdullah Atalar
Temmuz 2017

Modern kablosuz iletisim sistemlerinde dengeli yiikseltecleri kullanmak birgok
avantaja sahip olmakla birlikte, yiikseltecteki ve boliicii/birlestirici bolimlerdeki
ideal dig1 durumlar sebebiyle, dengeli yiikselteclerin kazang ve giiriiltii tepkisi bek-
lenen degerden 6nemli olciide farkh olabilir. Ilk olarak, 2-kollu 0° gii¢ béliicii ve
90° baglag¢ kullanan dengeli ytikselteclerde, kazancta olugsan varyasyonlar: analiz
ediyoruz. Bu baglamda, iki topoloji i¢in karsilagtirmali olarak matemetiksel anal-
izler yapilmig ve analitik ifadeler elde edilmigtir. Analitik ifadeler gostermistir ki,
aynm geri yansima kaybi/izolasyon degerleri igin, 90° kuplor kullanilan dengeli
yikselteclerde toplam kazanctaki belirsizlikler 2-kollu 0° gii¢ boliicii kullanildig:
duruma gore daha fazladir. Ardindan, giiriiltii dalgalarim1 kullanarak, bolictili
dengeli yiikselte¢ topolojisinin giiriilti figlirii ve giiriiltii parametreleri i¢in kesin
ve yaklagik analitik sonuclar: sunuyoruz. Giirtltii dalga yaklagiminin yardimiyla,
dengeli yiikseltecteki her bir elemanin ¢ikigta tirettigi guriilti giicii gikarilmigtir.
Boliiciiniin ilinti matrisi ve giiriiltii dalgalarini belirlemek i¢in boliiciintiin Y-
parametreleri, yiikseltecin giiriiltii dalgalarini yazabilmek igin yiikseltecin giiriiltii
parametreleri kullanilmigtir. Dengeli yiikseltecler, ideal bir girig boliiciiyle bile,
tekil ytkseltece kiyasla giirtilti figiiri performansindan muzdariptir. Giirilti
parametreleri, ideal olmayan bir boliicii ile daha da bozulur. Sadece sifir olmayan
doniig kaybi ve izolasyon degil ayni zamanda omik kayip, genlik ve faz dengesiz-
likleri de gbz ontine alinmistir. Ayrica, sifir olmayan optimum kaynak empedansi,
dengeli yiikseltecin giiriiltii parametrelerini etkilemektedir. Ol¢iim sonuclari da
bir dogrulama olarak sunulmustur.

Anahtar sozcikler: Dengeli yiikseltecler, kazang varyasyonu, uyumsuzluk, giriltii
figlirii, guriilti parametreleri, giiriiltii dalgalari, faz ve genlik dengesizlikleri, iki-
kollu boliicii, hibrit baglac.



Acknowledgement

I express my appreciations to Prof. Abdullah Atalar for his guidance throughout
my MS and PhD studies. Prof. Atalar has always been an inspiration to me
with his brilliant mind and magnificent vision. I would like to thank Prof. Cemal
Yalabik and Prof. Vakur B. Ertiirk for their contributions during our research
meetings. [ am grateful to the other members of my dissertation committee Prof.

Simsek Demir and Prof. Barig Bayram for taking the time.

I would like to thank to METEKSAN Defense Inc. and Microwave Design De-

partment where I gained lots of technical experience in my professional life.

Finally, I would like to express my deep love to my family, my mother Aysen, my

father Diler, my brother Oguzalp and my beloved wife Aysegiil.

vi



Contents

Introduction

Gain Variation of a Balanced Amplifier

2.1 Balanced Amplifier with 2-Way 0° Power Divider . . . . . . . ..
2.2 Balanced Amplifier with 90° Coupler . . . .

2.3 Comparison of Gain Variation in Balanced Amplifiers . . . . . . .

2.4 Experimental Results for Gain Variation . .

3.1 Noise Waves for the Balanced Amplifier . . .

3.1.1

Noise Waves for the Amplifiers . . .

Noise Figure Analysis of a Balanced Amplifier

3.1.2  Noise Waves for the Input and Output Dividers . . . . . .

3.1.3

Noise Waves for the Input Source . .

3.2 Noise Figure of a Balanced Amplifier . . . .

3.2.1
3.2.2
3.2.3
3.24

4 Conclusion

Noise Figure of a Balanced Amplifier
Amplitude and Phase Imbalance . . .
Non-zeroI', . . . . . .. . ... ...

Experimental Results for Noise Figure

vil

10
15
15

18
18
19
21
23
24
24
29
33
34

38



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

A balanced amplifier using 2-way 0° power dividers. . . . . . . . .
Flow graph for the balanced amplifier using divider. The dashed
lines show the irrelevant arms. . . . . . . .. .. .. ... ... ..
The gain variation, A|SD |, for a balanced amplifier with divider for
various divider parameters and for amplifiers with |I';| = —12 dB,
ITol=—=6dB. . .. ... .
The probability density of the gain deviation of a balanced ampli-
fier with divider of various parameters. Amplifiers have |FR| =
—10dB, || = —12dB, [T,|=—12dB.. . . . . ... .......
The probability density of the gain deviation of a balanced ampli-
fier with divider of various parameters. Amplifiers have |FR| =
—10dB, [T =—-12dB, [T,|=—-6dB. . .. ... ... ......
The probability density of the gain deviation of a balanced ampli-
fier with divider of various parameters. Amplifiers have |FR| =
—2dB, I =—-12dB, |T,|=—6dB. . . . .. ... ... .....
A balanced amplifier using 90° couplers. . . . .. ... ... ...
Flow graph for the balanced amplifier using coupler. The dashed
lines show the irrelevant arms. . . . . . . . . . ... ... ...
The gain variation in | S| for a balanced amplifier with coupler for
various coupler parameters and for amplifiers with |I';| = —12 dB
and I, =—6dB. . ... ...
The probability density of the gain deviation of a balanced ampli-
fier with coupler of various parameters. Amplifiers have |FR| =
~10dB, [I;| = —12dB, [T,|=—12dB.. . . . .. .. .......

viil



LIST OF FIGURES ix

2.11

2.12

2.13

2.14

3.1
3.2
3.3

3.4
3.5

3.6

3.7

The probability density of the gain deviation of a balanced ampli-
fier with coupler of various parameters. Amplifiers have |FR| =
—10dB, |I;| = —12dB, [T,|=—-6dB. . ... ... ... ..... 14
The probability density of the gain deviation of a balanced ampli-
fier with coupler of various parameters. Amplifiers have |FR| =
—2dB, Iy =-12dB, [T',)|=—=6dB. . . . .. ... ... ..... 14
The photo of the dividers, amplifiers and some of the SMA line
extenders used for balanced amplifier’s gain and power reduction
measurements. . ... ... Lo 17
The theoretical and measured gain reduction in balanced ampli-
fier versus transmission-line length between the amplifiers and the

dividers. The measured gain variation is consistent with the theo-

retical calculations. . . . . . .. ... oo oo 17
A balanced amplifier built using 2-way 0° power dividers. . . . . . 19
The representation of a noisy amplifier by noise waves. . . . . .. 19

The flow graph of the balanced amplifier built using lossless ideal
power dividers. . . . . . ..o 20
The representation of a noisy three-port network by current sources. 22
The noise figures of single and balanced amplifiers with perfect
dividers as a function of source reflection coefficient. Amplifiers
have F,,=1 dB, I',=0 and various r, and |[';| values. The noise
figure of a balanced amplifier is degraded in comparison to a single
amplifier for the same source return loss. . . . . . .. .. ... .. 26
The noise figure degradation of balanced amplifiers with perfect
dividers as a function of F,,,. Amplifiers have |[';|=-7 dB, |I's|=-
10 dB, I',=0 and various r, values. . . . . ... ... ... .... 26
The maximum value of the divider |I';| to limit the noise figure
degradation in the balanced amplifier with 2-way dividers to 0.1 dB
for I';=0. The amplifiers have |[';|=—7dB . ... ... ... ... 27



LIST OF FIGURES X

3.8 The worst-case noise figure as a function of source reflection coeffi-

cient for a balanced amplifier. The input divider has an ohmic loss

of 0.1 dB, and return loss and isolation better than 20 dB, 26 dB

or 32 dB. The amplifiers have |I';|=—7 dB, F,,=1 dB, r,, = 0.1 and

Lo=0. . 30
3.9 The noise figure degradation as a function of the return loss and

isolation for a balanced amplifier. The input divider has an ohmic

loss of 0.1 dB, and |I's|]=—10 dB. The amplifiers have |I';|=—7 dB,

F,=1dB, I';)=0 and various r,, values. . . . . ... ... ... .. 30
3.10 Noise figure degradation with respect to the amplitude imbalance.

The amplifiers have |I';|=—7 dB, F,,=1dB, r, =0.1 and I',=0. . 31
3.11 Noise figure degradation with respect to the phase imbalance. The

amplifiers have |I';|=—7 dB, F,,=1 dB, r, =0.1 and T',=0. . . . . 32
3.12 S-parameters of the D; having poor |I',| plotted with respect to

the frequency. . . . . . . ... 35
3.13 S-parameters of the Dy having good |I',| plotted with respect to

the frequency. . . . . . . . ..o 35
3.14 Photo of the amplifiers, divider pairs and SMA line extenders used

to build balanced amplifiers. . . . . . ... ..o 36
3.15 Calculated (solid) and measured (points) F,q and r,4 for the bal-

anced amplifiers By (circle), By (cross), Bs (square) and By (plus).

The graphs show the good agreement between the theoretical and

measurement results. . . . ... ..o L Lo 37
3.16 Calculated (solid) and measured (points) I',; for the balanced am-

plifiers on the Smith chart in the frequency range 1.5-1.6 GHz.

The measured values of I',; are equal to the measured values of

I'*, confirming our theory. . . . . .. ... .. ... ... ... 37



List of Tables

2.1 S-Parameters in dB magnitude-angle format measured at 1.55 GHz

for amplifiers . . . . ... L 16
2.2 S-parameters measured for both dividers at 1.55 GHz in

dB magnitude-angle format. . . . ... ... ..o 16

3.1 Measured parameters for amplifiers A;/As(GALI-84+) and A3/A4
(PGA-1034) at 1.55 GHz. « « o oo 34

X1



Chapter 1

Introduction

Amplifiers are one of the most critical elements used in wireless communication
systems where the small noise figure and high output power or gain are the
common requirements. Low noise amplifiers (LNAs) and power amplifiers (PAs)
are used to meet these requirements. Obtaining a small noise figure for LNAs
or maximum power for PAs with good input/output return loss values at the
same time may not be possible using a single amplifier. Adding an isolator in
front of the LNA [1] or after the PA [2] solve the return loss problem. Balanced
configuration [3,4] is widely used for amplification due to its remarkable advan-
tages. Ideally, balanced amplifiers conserve the noise figure of the single amplifier
and double the output power compared to a single-ended amplifier, while in-
put/output return losses, linearity and stability are improved [5-13], gain of the
single amplifier is preserved [2,3,14] and a redundancy is provided. While a bal-
anced amplifier has many desirable properties, the output or the noise response
of the balanced amplifiers may vary from the expected value considerably due to

non-ideal components [3].

Power combining structures have been implemented using different combiner
topologies, such as Wilkinson power combiner, branch-line coupler and radial
combiners [15-20]. The degradations occurring at the output of the combining

section are very critical for PAs. There are several papers which examine the



output behavior of the combining structures such as the output power degradation
[21-26] and the combining efficiency [27-30] for different cases. Some papers
examine the output behavior of the balanced amplifier configuration with the non-
ideal amplifier or divider/combiner properties. Kurokawa [4] gives the overall gain
formula for the balanced structure when the coupling of the directional coupler is
3 dB or different than 3 dB for identical amplifiers. Besides, the gain expression
is given for non-identical amplifiers. But, the coupler is assumed to be ideal for
these analyses. Another work [31] analyzes the overall transfer function of the
amplifier-combiner circuit for N-way radial and planar divider/combiner and N
identical amplifiers using binomial matrix expansion with truncation. However,
the transfer function is complex and obtained for the perfect matching case at

the N-ports for the N-way divider/combiner.

Several papers investigated the effect of imperfections on the noise performance
of a balanced amplifier. The noise figure was given [3|, assuming the amplifier
gains are unbalanced. Kurokawa [4] explored the effect of the termination ports
of the input/output couplers and Kerr [32] investigated the source impedance’s
effect on the noise figure of the balanced amplifier and stated that the output
noise is affected by the magnitude of the source impedance, but not the phase.
In these cases, the input and output couplers were assumed to be ideal. An
analytical formula was presented [33] to find the cascaded noise figure of the
differential amplifier with baluns assuming the baluns have symmetrical losses.
The analysis was improved [34] by adding the phase and amplitude imbalance
in each arm. But, the return loss/isolation of the baluns and return loss of the

amplifiers are all assumed to be zero.

Practically, neither amplifiers nor divider/combiners have a perfect match or
isolation. Gain variation or mismatch uncertainty [35] in cascaded networks due
to imperfect port impedances is a well known fact. If the port reflection coeffi-
cients at the connected ports are I'y and I'y, the mismatch uncertainty, MU, is
given by [36]

MU;g = 20log;o(1 £ [I'1Ts]). (1.1)



In Chapter 2, defining the gain variation as the ratio of maximum gain to min-
imum gain, we analyze the gain variation for balanced amplifiers built with im-
perfect two-way 0° dividers/combiners and hybrids (90° couplers). Using the
derived expressions we determine the gain for such structures statistically. More-
over, a comparison is given between these two topologies in terms of the gain
variation. To verify the analytical expressions we derived, amplifier-divider pairs
are designed to construct a balanced amplifier and the gain variation is obtained

experimentally.

In Chapter 3, by using the noise wave approach, we analytically obtained the
noise powers for each element in the balanced amplifier. The noise waves and the
correlation matrix for the divider are written from its Y-parameters and the noise
waves for the amplifiers are written in terms of their noise parameters. We inves-
tigate the noise figure of a balanced amplifier and find the conditions under which
the noise figure is degraded compared to a stand-alone amplifier. We investigated
the effect of both ideal and non-ideal dividers on the noise figure. For non-ideality,
not only the imperfect return loss and the isolation but also the ohmic loss, am-
plitude and phase imbalance are taken into consideration. Besides, the non-zero
optimal source impedance is analyzed. We present approximate noise parameters

for the balanced amplifier and verify the results with experiments [37].



Chapter 2

Gain Variation of a Balanced

Amplifier

2.1 Balanced Amplifier with 2-Way (0° Power
Divider

Fig. 2.1 shows a balanced amplifier constructed with two identical 2-way 0° power

dividers and two identical amplifiers. The S-parameters of the lossless, symmet-

2-Way 0°
Amp 7, 3
D
A L : 2
D,
D, Z

Figure 2.1: A balanced amplifier using 2-way 0° power dividers.

2-Way 0°

Amp Z 4 7

rical but imperfect dividers, S?, and the amplifiers, S, with respect to Z, are

4



given in the matrix form as

I R
F T,

a

54 —

. (2.1)

I
it
~ = 3
= o~ 3

Fe

In S?, T, denotes the return loss of the port Dy, I' denotes the return losses of the
ports Dy and D3, I denotes the isolation between the ports Dy-D3 and F. denotes
the insertion loss of both from D; to Dy and D; to D3 of the divider. Besides,
I'; denotes the input return loss, I', denotes output return loss, F' denotes gain
and R denotes the reverse isolation of the amplifier as given in S® Nonzero I
and I of the divider may have arbitrary phases. Since the divider is lossless when

excited from port 1, we have
e + |FL)? + |Fol* = 1 and [Te| = [T + 1], (22)

where the last equality is derived in [38]. Hence we find

_JI-TF TP
R = Y (2.3)

We note that the S-parameters of the amplifier, S%, given in (2.1) include the
phase shifts due to input (L;) and output (Ly) interconnection transmission lines

of arbitrary length.

Consider the signal flow-graph of the circuit shown in Fig. 2.2. Here, a; rep-
resents the incident wave and b; represents the reflected wave at the port 7. If V;

and I; are the rms voltage and current at port ¢, we define these quantities as

1 \V 1 %
i== | ——=—+ L/ 2|, b= = L I\ Z ). 2.4
a 5 ( 7 + 0) 5 ( 70 0) ( )

Using Mason’s [39] rule!, we find [40] the forward gain of the balanced amplifier

as

by 2|]1+(FR—FiFO)(F—I)2\

|Ap| 7

1SD| = = |2FF,

(2.5)

!The flow graph has 12 forward paths, 18 loops, 21 non-touching loop pairs, eight non-
touching loop triplets and a single non-touching loop quadruplet.



Figure 2.2: Flow graph for the balanced amplifier using divider. The dashed lines
show the irrelevant arms.

where

Ap=1+T*+I*)(2FR+T; +1?2) —2I*(I'} +T?)
+ (I = I*)*(FR - TiT,)%  (2.6)

Ignoring the higher order terms, the result simplifies to

11+ FR(L — I)?|

. 2.
1+ 2FR(T2 + I2)] (2.7)

|Sa1l & [2FF|

For the special case of I' = —1I (or from the last equality of (2.2), |I'.|=0), we get
the nominal gain of
1S5| ~ | F). (2.8)

Due to arbitrary length of interconnecting transmission lines and random
phases of T'" and I, |SE| may deviate from its nominal value. It is maximized
if T and I are out of phase and FR(I'? + [?) = —|FR(I'? + I?)| is negative real:

1 — |[FRI(T] — [1])*
L= 2[FR|(]T? + |[1]?)

|21 lmaz & | FI[1 = (IT| = |11)?] (2.9)

6



and it is minimized if I" and I are of the same phase and FR(I'?+1?) = |[FR(I? +

I?)| is positive real:

L+ [FR|(IT] +[11)*

Satlmin = | F|[1 = (IT] + |1])* : 2.10
We define the gain variation as
SD max
AlSB| = 25’ : (2.11)
‘Szl‘min

Hence we find

pi (1 (T = [\ (1= |FRI(T] — |1)2\ {1+ 2FRI(T] + |12
Al ~ (1 (% |I|>2) (1 TIFR|(T] T uw) (1 AFRI(TE T 1(22322'

By further algebraic manipulation, a simpler form is obtained with no |I';| or |I',|

dependence as

AlSy| = 1—D (2.13)
where
D = (1+ [FRI)(|D| + |1])? (2.14)
and
D' =2(1+|FR|)(IT|* + [I]*). (2.15)

(2.13) is accurate to within 2%, as long as |FR| < —2 dB, |I';| < =8 dB, |I',| <
~8dB, [T| < —16 dB and |I| < —16 dB.

In Fig. 2.3, the gain variation, A|S%)|, is plotted using the exact expression
of (2.5) for various divider parameters. The gain variation decreases with the
decreasing |F'R| product of the amplifier. The gain variation is also minimized,
when |['| or |I| is minimized. We verified the expression in (2.5) by a linear

microwave simulator.?

We performed a Monte-Carlo analysis by allowing the
phases of the amplifier S-parameters as well as the phases of I' and [ to vary
randomly with a uniform distribution. Figs 2.4, 2.5 and 2.6 show the probability
density of the gain variation for dividers with various dividers and amplifiers.

Each curve is obtained as a result of 41 million evaluations of (2.3) and (2.5).

2AWR Corp. El Segundo, CA 90245, USA, http://www.awrcorp.com.
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Divider |T}| = —12 dB, |T,| = —6 dB

14 :
—T[=[]=-17dB
- -7/ =|1] = —20 dB
A | =|I] = 23 dB 1
1.2 '
..... —|I| = —26 dB

-="
-

0.4 8

0 \ \ \ \ \
-14 -12 -10 -8
|FR| (dB)

Figure 2.3: The gain variation, A|SE|, for a balanced amplifier with divider for
various divider parameters and for amplifiers with |I';| = —12 dB, |I',| = —6 dB.

Divider |FR| = —10 dB, |T}| = —12 dB and |T,| = —12 dB
16 T T T T T T

[T| = || = —17 dB
1k | ===1Ir=11=-204B

.......... [T = |I| = —23 dB
_____ T| = |7] = —26 dB

= -
o N
T T

Probability Density
o]

-14 -1.2 -1 -0.8 -0.6 0.4
Gain Deviation (dB)

Figure 2.4: The probability density of the gain deviation of a balanced amplifier
with divider of various parameters. Amplifiers have |FR| = —10 dB, |I';| =
—12 dB, |I',| = —12 dB.



Divider |FR| = —10 dB, |I;] = =12 dB and |I',| = —6 dB

16 r
T = [I] = —17 dB |
14F | —=——I0=[I]=-20dB ! -
.......... U] = |1] = —23 dB f
————— || = 1] = —26 dB i E
12+ .
L
> i
@ 10 i .
o b
2 8t W .
o [
©
Q
S of .
a
A _
5L _
o | |
14 12 1 08 06 -04

Gain Deviation (dB)

Figure 2.5: The probability density of the gain deviation of a balanced amplifier
with divider of various parameters. Amplifiers have |FR| = —10 dB, |I;| =
—12 dB, |I',| = —6 dB.

Divider |FR| = -2 dB, |I';| = =12 dB and |I',| = —6 dB

16

[T = |I| = —17 dB
1k | ===1Ir=11=-204B

.......... [T = |I| = —23 dB
_____ T| = 7] = —26 dB

= -
o N
T T

Probability Density
o]

0 [T T 1 1.
-14 -1.2 -1 -0.8 -0.6 0.4
Gain Deviation (dB)

Figure 2.6: The probability density of the gain deviation of a balanced am-
plifier with divider of various parameters. Amplifiers have |FR| = —2 dB,
;| = —12 dB, |I',| = —6 dB.



2.2 Balanced Amplifier with 90° Coupler

In Fig. 2.7, a balanced amplifier built with 90° couplers is depicted. The amplifiers

and the couplers are assumed to be identical. The S-parameter matrix of the

90° Coupler Amp Z s 90° Coupler
A, L
Amp Z 4
A, L, Zy

Figure 2.7: A balanced amplifier using 90° couplers.

hybrid coupler, S¢, with a finite return-loss (I') and isolation (1) is given as

r Fy F, I
F, T I F
ge= |1 . (2.16)
F, I T F
I F, F, T

In S¢ T denotes the return losses of all ports and I denotes the isolation between
the ports Ci-C4 and C5-C3. Fy denotes the insertion loss from the ports C to
Cy (also Cy to C3) whereas F, denotes the insertion loss from the ports C to Cs

(also Cy to () of the coupler. Since the hybrid coupler is lossless, we have
IT[* + |Fe” + [Fal* + 1] = 1. (2.17)
With |F,| = |Fy|, we have

| = Ry = YAZITE 1P (2.18)
c|l — d— \/§ . .

We assume that the phases of I' and [ are random with uniform distribution.

Refer to the flow-graph of the circuit shown in Fig. 2.8. Using, once again,

10



Figure 2.8: Flow graph for the balanced amplifier using coupler. The dashed lines
show the irrelevant arms.

Mason’s rule?, we get the gain as

b A
1SS | = | 2| = [2FF.Fal ||, (2.19)
Ac
where
Ay =1-TT;+T,) = (FR-T,[,)(T*+I? (2.20)
and

Ac=1-2I; +T,) —2(FR —T';I',)(T* + I?)
+ [2F<Fi + Fo)(FR - FiFo) + (Pz + Fo)2](r2 - 12)
+ (FR—TT,)*(T* — %2 (2.21)

Ignoring the higher order terms, As simplifies to

Ac~1-20(T; +T,) —2(FR —T;,[,)(T* + I?). (2.22)

3The flow graph has 12 forward paths, 18 loops, 21 non-touching loop pairs, eight non-
touching loop triplets and a single non-touching loop quadruplet.
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|SS;| is maximized if I'; and T, are of the same phase, I? and I'? are of the same
phase, T(T; 4+ T,) = [T(T;4T,)| and (FR—TiT) (D24 12) = [(FR—T,T,) (I +12)|

are both positive real. Defining
C =0T +T,)|+|(FR—TI,)(I*+ %), (2.23)

the maximum gain, |S$ |;maz, is found as

1-C
1-2C

|5201‘mar ~ |2FFch| (224)

|SS;| is minimized if T'; and T', are of the same phase, I? and I'? are of the same
phase, (T3 +T,) = —|[D(T; 4+ T,)| and (FR—T,T,) (D24 I?) = —|(FR—TT,) (T2 +

I?)| are both negative real. In this case, |Sa1|min is

1+C

S$ilmin = |2F F,F, : 2.25
15 min ~ [2F FuFal 7= (2.25)
Therefore, the gain variation can be found as
1+201-C 1+C
A|SS| =~ i ~ (2.26)

1-201+C "~ 1-C"
This equation is accurate to within 2%, as long as |FR| < —2 dB, |T;| < —8 dB,
Ty < =8 dB, |I'| < —14 dB and |I| < —14 dB. Just like the previous case,
decreasing the |F'R| product of the amplifier decreases the gain variation of the
balanced amplifier. However, in this case, the input/output return losses of the
individual amplifiers have a significant effect on the gain variation. In Fig. 2.9,
A|Sy;| for a balanced amplifier with various coupler and amplifier parameters is
given as obtained from the exact equation of (2.19) which is also verified by the

linear microwave simulator.

The results of the Monte-Carlo analyses are shown in Figs 2.10, 2.11 and 2.12
as probability density functions of the gain deviation. The amplitudes of the
variables are as given, while the phases are random variables with uniform distri-

bution. Each curve is obtained as a result of 41 million evaluations of (2.18) and
(2.19).
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Coupler |I';| = —12 dB, |T,| = —6 dB

2.5 : |
—|T|=[I|=-17dB
2T —--[D|= 1] = ~20dB| |
""""" T| = |1] = —23 dB
---- IT| = |I] = —26 dB
a 16— ———-—f====ss=—"T 1
=
;—\:
2
q l L eemses—————————— AR ;
05F |
0 s | | 1 1
-14 -12 -10 8 5 ) .

|FR| (dB)

Figure 2.9: The gain variation in |Sg| for a balanced amplifier with coupler for
various coupler parameters and for amplifiers with |I;|] = —12 dB and |T,| =
—6 dB.

Coupler |FR| = —10 dB, |I;| = —12 dB and |T,| = —12 dB

I T/ = = 17 dB i
451 | _r|=1]=—20dB
.......... | = 7] = —23 dB .
4r | ——o T = |I| = —26 dB il T
35 i )
)
2
3 3T |
fa
225t |
=
8 ot )
o
o
15F )
A i
05 )
0 ' :
15 -1 05 0 0.5 !

Gain Deviation (dB)

Figure 2.10: The probability density of the gain deviation of a balanced amplifier
with coupler of various parameters. Amplifiers have |FR| = —10 dB, |I;] =
~12dB, |T,| = —12 dB.
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Coupler |FR| = —10 dB, |I;| = —12 dB and |T,| = —6 dB

[T[ = 1] = —17 dB

457 | _ _ _ir=|1|=-20dB 1
.......... 7| = |1] = —23 dB

4r | —oc [T| = |I| = —26 dB T

w
&)
T
1

w
T
1

Probability Density
N b

=
3
T

=
T

-15 -1 -0.5 0 0.5 1
Gain Deviation (dB)

Figure 2.11: The probability density of the gain deviation of a balanced amplifier

with coupler of various parameters. Amplifiers have |FR| = —10 dB, || =
—12 dB, |T',| = —6 dB.
Coupler |[FR| = -2 dB, |I';| = =12 dB and |T,| = —6 dB
IT|= 1| = -17 dB
451 | — — —|r|=|I| = —20 dB |
.......... [P| = |I| = —23 dB
4k |-z T = |1 = —26 dB T

w
o
T

1

w
T
1

Probability Density
N

=
3
T

=
T

-15 -1 -0.5 0 0.5 1
Gain Deviation (dB)

Figure 2.12: The probability density of the gain deviation of a balanced amplifier
with coupler of various parameters. Amplifiers have |FR| = —2 dB, || =
—12dB, |I',| = —6 dB.
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2.3 Comparison of Gain Variation in Balanced

Amplifiers

In the divider case, we can rewrite (2.13) by multiplying both the numerator and

the denominator by 1 — C' as
(1+D-D)Y1-0C)

A|SH| =~ 1-D)1_C) (2.27)
Similarly, (2.26) can be written as
A|SS| ~ E +g§8 gi (2.28)
Hence, for |I'| # 0 we can state that
T3l 4 [To| > 21| = %(m = 11)* = AlS5| > AlSy]. (2.29)

This condition on the left is satisfied, for example, if |[FR| < —2 dB, |I;| >
—16 dB, |I',] > —16 dB, |I'| < —17 dB and |I| < —17 dB. Therefore, for most
practical cases the gain variation in the balanced amplifier with divider is less

than that in the balanced amplifier with coupler.

2.4 Experimental Results for Gain Variation

To experimentally verify the gain variation in a balanced amplifier, we consider
the divider topology of Fig. 2.1. We chose nearly identical amplifiers (A; and Ay)
that use GALI-844 from Mini-Circuits* at an operating frequency of 1.55 GHz.
The measured parameters (S® of (2.1)) at 1.55 GHz for amplifiers are given in
Table 2.1.

Two identical dividers (with poor return loss and isolation) are manufactured
on RO4003° 20 mil substrate having 17 dB return loss and 17 dB isolation at
1.55 GHz. Table 2.2 lists the entries of S¢ given in (2.1). By using these

4Mini-Circuits, NY 11235, USA, http://www.minicircuits.com
®Rogers Corp. Rogers, CT 06263, USA, http://www.rogerscorp.com
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I F R I
A dB —146 | 214 —28 —-8.9
' "Angle | 109° | —17.5° | —107.5° | 27.4°
A dB —13.7 | 21.2 —28 -9.6
> ["Angle | 109.3° | —21.3° | —110° | 22.4°

Table 2.1: S-Parameters in dB magnitude-angle format measured at 1.55 GHz
for amplifiers

T, F, T (port 2, 3) I
D dB | —10.7 | —3.55 | —17.2, —16.9 | —16.8
' "Angle | 120° | —116.0° | 89.3°, 86.7° | 129.7°
b dB | —109 | —3.56 | —17.3, —17.1 | —17.0
2 "Angle | 118.2° | —115.8° | 90.7°, 91.6° | 130.4°

Table 2.2: S-parameters measured for both dividers at 1.55 GHz in dB magnitude-
angle format.

amplifiers and dividers (Fig. 2.13), the gain variation of the balanced amplifier
is measured. Identical SMA line extenders (also shown in Fig. 2.13) each with
the loss of 0.01 dB and phase shift of 35° at 1.55 GHz are used to vary the
transmission-line length between the amplifiers and the dividers. Fig. 2.14 shows
the theoretical and the measured gain reduction from the maximum in balanced
amplifier. The theoretical values are obtained from the exact expression of (2.5)
with varying the length of L; which is added to the parameters F';, R and [;
as a phase shift. The measured gain variation is consistent with the theoretical

calculations that can be observed from Fig. 2.14.
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Figure 2.13: The photo of the dividers, amplifiers and some of the SMA line
extenders used for balanced amplifier’s gain and power reduction measurements.

T
Theoretical
¥ Measured | |

Gain Reduction (dB)

-0.8[ * * b

-0.9 b

-1 L L L L L L
0 35 70 105 140 175 210 245
Phase of L1 )

Figure 2.14: The theoretical and measured gain reduction in balanced amplifier
versus transmission-line length between the amplifiers and the dividers. The
measured gain variation is consistent with the theoretical calculations.
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Chapter 3

Noise Figure Analysis of a

Balanced Amplifier

3.1 Noise Waves for the Balanced Amplifier

The noise figure of a stand-alone amplifier, F', can be written in terms of its
source impedance, T'y, as [41]

‘Fs B F0|2

F:Fm 4n )
T T TP

(3.1)

where r, is the normalized equivalent noise resistance, I', is the optimal source
reflection coefficient to obtain the minimum noise figure, F,,. Suppose that
we use two such amplifiers with I';)=0 and two identical 2-way 0° power di-
viders/combiners to build a balanced amplifier as depicted in Fig. 3.1. Fig. 3.1
is a modified version of Fig. 2.1, where the interconnections are included in the
amplifier parameters and the source has an impedance of Z; (I'y). S-parameters
of the amplifiers (S¢) and the dividers (S¢) all specified with respect to Z, are
also shown in matrix form. Some of the notations in the matrices are intention-
ally chosen different from the representation in Chapter 2 to avoid confusions for
the analysis given here. In S¢ matrix, I',, I'; and I'y are the return loss of the

divider ports 1, 2 and 3 respectively. I denotes the isolation between the ports
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2 and 3. A, is the insertion loss between the ports 1 and 2 whereas A, is the
insertion loss between the ports 1 and 3. In S%, I'; is the input return loss and A

is the gain of the amplifier.

The noise wave representation is an important approach to determine the noise
figure of a linear noisy device [41-48]. To find an analytical expression for the
noise figure of the balanced amplifier, we use the noise wave approach [41]. The
noise waves and the correlation matrix for the divider can be found from the
real part of its Y-parameters [47], while the noise waves for the amplifiers can be

written in terms of their noise parameters [43].

2Way0® 7 | 2-Way 0° T, A, A;
2*_|W | 3 S'=\4, Ty 1
Amp
Zs Ao I Ty
+ 1 1
111 3 | Amp 7 |, “ Sa_ri 0
- | W4 - 4 0

Figure 3.1: A balanced amplifier built using 2-way 0° power dividers.

3.1.1 Noise Waves for the Amplifiers

® 0 ———————
“—
‘_l bN NOISELESS
[ ay AMPLIFIER
® - ——®

Figure 3.2: The representation of a noisy amplifier by noise waves.
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First, we will find the additional noise generated by the amplifiers. A noisy
amplifier can be represented by a noiseless two-port amplifier and two uncor-
related noise waves existing at the input of the amplifier [41,42] as shown in
Fig. 3.2. The flow graph in Fig. 3.3 can be used to find the noise figure of the
balanced amplifier, F;, with ideal lossless dividers. Here, a,1, b, are two uncor-
related noise waves at the input of the upper amplifier whereas a2, b, are of the
lower amplifier. So, the output noise powers generated by these two uncorrelated

sources for each amplifier are

Figure 3.3: The flow graph of the balanced amplifier built using lossless ideal
power dividers.

Nal— - (Fm_1)+ 7 <4rn_Fm+1)7 (32)
as b5
by |? by |2

Np = |=| (Fp—1)+ | 2| (4r, — Fp+1). (3.3)
Qg b6




We can apply the Mason’s rule to find the transfer functions as,

bg i 14 bQ i /4
—_— = —]— 1—|—FSF1 y T = — 1—‘s 34
= L NG 84)
and
bg A b2 A

” = _E(l —TIy), % = Ers- (3.5)

Finally, the output noise powers, N,; and N,s, generated by each amplifier are

_ AP e o AP e
Na = S+ DR (F = 1)+ SEE P - Fa+ 1), (36)
AP AP
N = AF 2‘ 1= PP (En— 1) + A0 2‘ D 2(@r, — Fu 1), (37)

3.1.2 Noise Waves for the Input and Output Dividers

Then, the additionally generated noise powers by the input and output dividers
should be found. A noisy three-port divider can be represented by a noiseless
three-port admittance network and three noise current sources ,1, t,2 and i,3 as
shown in Fig. 3.4. To find the output noise power of a passive network, these
current noise sources can be used and the overall power can be determined by

calculating the noise power due to each current source.

The output noise power generated by a three-port divider is

Ny = |T1Plina|* + |Tof lin2]? + | T3] |ins]) *+
TlT;inli:;Q + TfTQi;linQ + TlT;inliZS + TngiZling—i—

where T' is the transfer function from the related noise source to the output. Here,

* denotes the conjugate operator.

The correlation matrix for a passive 3-port device can be written in terms of
the noise current sources as
. 2 . “x . -
|Zn1 ‘ Inllpa  Tnllpg
d __ . . . 2 . .
CO= linginy linal® in2iyy| - (3.9)
. % . o . 2
in3lny insiny  |ins]
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inZ

NOISELESS
Inl

THREE-PORT
in3

Figure 3.4: The representation of a noisy three-port network by current sources.

Besides,
C* = 2kTyRe{Y"}. (3.10)

The Y-parameter matrix of the lossless ideal divider is

0 L i
S22
Y=Y |5 5 -3 (3.11)
g1 1
V2 2 2
The correlation matrix of the divider simplifies to
0o 0 0
C'=2%kTYy [0 1 -1, (3.12)
[ S
2 2

where 2kTyY, can be normalized to 1 for simplicity.

By the help of (3.8), output noise power for the input divider, N,q, is

2

by b

2 * *
b b b b
lina|? + . lins|? + (a—z) (G—Q) ingits + <a_2) (a—Q) 0¥ ins.
6 7 6 7 6

(3.13)

er =
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In the same manner, output noise power resulting from output divider, N,q, is

2 * *
, b\ (Ba\* . b\ * (b ., .
lins|?® + (i) (i) inolng + (b—z) (b_Z) i) oling-

(3.14)

by . by
Nyp = | 2| linl? + |2
2 b3 ’Z 2‘ -+ bg

The transfer functions for the input and the output dividers should be found

separately. For the input divider, applying the Mason’s rule,

b2 A bg A
2= (140, =2 =-—2_(1-T.0)). 3.15
o= I, 2= (1) (3.15)

For the output divider, - ; _
2 2 J

o _ ey 3.16

by bg V2 (319

Finally, the output noise powers generated by the dividers can be obtained as

er - ‘A|2|F5Fi‘2, NTZ == O (317)

3.1.3 Noise Waves for the Input Source

Lastly, the output noise power due to the input source, Ny, is

b2 ? bg 2
(1—I0%) = | - IT,1%). (3.18)

N, =|2
bs

b

w(3)]

= |A]. (3.20)

Here, the overall transfer function, , can be found by using (2.5) as,

by

ai

(3.19)

Finally,
by

ai
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3.2 Noise Figure of a Balanced Amplifier

3.2.1 Noise Figure of a Balanced Amplifier

The noise figure, Fy, of the 2-port balanced amplifier can be expressed as
er + Nr2 + Nal + Na2
N, '

By using the noise wave approach, the noise powers are found to determine the

Fi=1+

(3.21)

F;. The parameters in Sy include the imperfections of the divider, such as finite
ohmic loss, return loss and isolation. If needed, any imperfection of the \/4
line can also be represented by S;. We assume that the gain of the amplifiers is
sufficiently high and the output combiner is perfectly balanced so that the output

combiner does not influence the noise figure.

Corollary 1 If 8 is a complex number, then
1+ B +]1 = B =2(1+ |B). (3.22)
Proof: Denoting 3 = |3|e’?,
[T+ 81° + 1= B = [1+ B/ + 1 — |Ble”* ]
=1+ |B]> +2|B|cos¢ + 1 + | B> — 2|B|cos¢
=2(1+8P).
Using (3.21), (3.6), (3.7), (3.17) and (3.22), the noise figure of the balanced

amplifier with ideal dividers is

=1+ |AP(1 4 [D.T32) (Fp — 1) + |AP|D)2 (47 — Fpy + 1) + |A|2|Fsri|2'
|A[2(1 = [Is]?)

(3.23)

With further simplification,
Fn(1=|T?) = (1 = [[s]?) + Fou|DTf* + 47| T2
1— [ '

Fy=1+ (3.24)

And finally, the noise figure of the balanced amplifier with an ideal lossless input

divider can be written as

LT
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With a non-zero |I';|, the input divider is terminated with different impedances
at its output ports, and thus the isolation resistor of the divider contributes to the
output noise. When I'; = 0, the symmetry is satisfied and the noise figure of the
balanced amplifier is the same as that of the single amplifier. Note that the noise
figure is independent of the phases of I'; and I'y. The normalized equivalent noise

resistance is increased to 1, + F,,|T;|*/4, while F},, and T, = 0 remain unchanged.

Fig. 3.5 have plots of noise figure variation as a function of |I's| for amplifiers
with F,,,=1 dB. The noise figure of a balanced amplifier is degraded in comparison
to a single amplifier for the same source return loss. The noise figure of a single
amplifier does not depend on the amplifier’s input impedance whereas the bal-
anced amplifier’s noise figure is dependent on it. Fig. 3.6 shows the noise figure
degradation as a function of F), for various r, values. The parameters are kept
constant where |I';|=-7 dB, |I's|]=-10 dB. For the increasing F,,, the degradation

decreases where the dominance of |I';| starts to get less.

The exact noise figure expression is determined using a symbolic computational
package!. The resulting expressions are verified numerically by two separate linear
microwave simulators.?

Using the exact noise figure expression, Fig. 3.7 presents the maximum value of
II",| to limit the noise figure degradation for I's = 0 to 0.1 dB for the lossless and
balanced divider with I' = I'y = I's. For example, consider a balanced amplifier
built from two amplifiers with F;,=0.4 dB, r,=0.6 and I',=0. We need to use
a lossless divider with {|I';|,|T'[,|I|} < —21 dB, to get a noise figure less than
0.5 dB. If the input divider is not perfect, there may be further degradation. The
full noise figure expression is too long to be given here. Assuming I' =1'; = 'y,

it can be written approximately as

Fyx 52(pal® 4 |pol?) + 4(rn — 52)|pe)?
~ 2
Ipczzl (1 _ !FSP)

, (3.26)

LSymbolic toolbox of MATLAB, Mathworks, https://www.mathworks.com/
2AWR from AWR Corp. (http://www.awrcorp.com) and ADS from Keysight Technologies
(www.keysight.com).
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Figure 3.5: The noise figures of single and balanced amplifiers with perfect di-
viders as a function of source reflection coefficient. Amplifiers have F,,=1 dB,
[',=0 and various r,, and |[';| values. The noise figure of a balanced amplifier is
degraded in comparison to a single amplifier for the same source return loss.
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Figure 3.6: The noise figure degradation of balanced amplifiers with perfect di-
viders as a function of F,,,. Amplifiers have |I';|=-7 dB, |[';|=-10 dB, I',=0 and
various r,, values.
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Figure 3.7: The maximum value of the divider |I',| to limit the noise figure
degradation in the balanced amplifier with 2-way dividers to 0.1 dB for I';=0.
The amplifiers have |[';|=—7 dB

where

pa = Di(TG[A% + A Ay + T+ 1) — (I,T, — 1),
Py = FZ(FS[A?Q + ArlATZ] +1'+ I) =+ (Frrs - 1)7

(Arl =+ AT2)2
=T+ 4D )
pe=T+1+ 5

Pd = Arl + Ar? + (AT2 - Arl)F1<F + I)

If we consider a perfectly symmetric but lossy divider, then 3.26 will simplify to

|2
Fr | At BuSE)ILP
a ol =T 21— |T[%)
Fm(|F8’2 —1- |Fx|2 + |1 — PTFSP + (1 — |FS|2)|FT|2)
o1 — [T 2) (1 — [T )

Fd%

+

2|A.”

(3.27)
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Here, o defines the ohmic loss of the divider and we have I' = I'y = I'y and
A, = A1 = A,o. The approximation in (3.27) is accurate to within +0.03 dB,
for {|T,|,|T), 7|} < —17 dB, [Ty| < —7 dB, & > —1 dB and |T;| < —10 dB. Note
that for I', =I' = I = 0 and a = 1, (3.27) reduces to (3.25).

We ignore the last term of Fj; expression in (3.27) and since |A,|*(T' + ) ~
— A2l we let |T,| =~ |T's — T, to find the approximate noise parameters of the

balanced amplifier F},4, I'sy and r,4 as

Fm
o ~ * ~
Fmd"" Oé, FodNFr7 Tnd ~ Tn"'Fm

r;)? 14+T,/2

4 ) a1l P)
where * is the conjugate operator. We observe that F),; increases, r,q may in-
crease or decrease and [,y is no longer zero. Note that the noise parameters
depend on a and I',, but not on I or I. In (3.28), the accuracy of the pa-
rameters is given by: Fg: +0.005 dB, r,q: £8%, |Togl: £0.02, as long as
{7, |, 1|} < =17 dB, @ > —0.2 dB and r, > 0.1. The noise parameters
can be calculated using (3.1) for different source impedances as described in [49]
or using correlation matrix method as described in [48] but (3.28) offers a very

good approximation for these parameters.

Fig. 3.8 presents calculated the noise figure of the balanced amplifier under
different conditions. The curves are obtained using the exact noise figure expres-
sions in a Monte Carlo simulation. Wilkinson dividers are built with two lossy
transmission lines and an isolation impedance, the parameters of which have a
statistical distribution. 50,000 dividers with return loss and isolation better than
20, 26 or 32 dB and with an ohmic loss of 0.1 dB are considered. The phases
of the source impedance and amplifier parameters are also chosen randomly for
each simulation. The graphs show the worst case values of the noise figure. The

noise figure of the stand-alone amplifier is also given for comparison.

Fig. 3.9 shows the calculated noise figure degradation of the balanced amplifier
which are obtained using the exact noise figure expressions in a Monte Carlo
simulation under different return loss and isolation values of the divider. |T'| is
kept constant to —10 dB and the degradation is presented for various r, values

of the amplifier. Fig. 3.9 states the importance of the return loss and isolation
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values of the divider. As {|T'.|,|T'|, ||} get higher values in dB, the degradation

in the noise figure becomes more.

Using the curves in Fig. 3.8 we can investigate the possible benefit of a ferrite
isolator in the noise figure when the source has a low return loss (e.g., an antenna).
For example, suppose that the source has |I's|=—9.5 dB. If an isolator with an
insertion loss of 0.10 dB giving a return loss of 20 dB is inserted at the input of the
single amplifier, the noise figure improves from 1.17 dB to 1.024+-0.10=1.12 dB.
If we place the same isolator at the input of the balanced amplifier with 20 dB
divider, we get 1.20+0.10=1.30 dB instead of 1.58 dB.

3.2.2 Amplitude and Phase Imbalance

To determine the effect of phase and amplitude imbalance of the input and out-
put dividers on the noise figure, the full noise figure expression should be used
and processed. For unideal input and output dividers, the full long noise figure

expression simplifies as

I'sI; ac+12 Ty ;v—12 FiQ
Fom (l T+ ) i (r"JrFm%) T2
1— [T, :

where

pe = (A7 + Al,). (3.30)

Note that any attenuation or phase error in the A/4 transmission lines also gen-
erate these errors. We found that an amplitude or phase imbalance may result in
a noise figure degradation or improvement depending on the phases of I'y and T';.
Assume that, the input divider is lossless and there is an amplitude imbalance in
between each arms of the divider defined by A,;/A,s = 1 + 2z where x is small.
Then, using 3.26, for an amplitude imbalance less than 0.4 dB, the noise figure of

the balanced amplifier as a function of the amplitude imbalance can be obtained

TP
_ 3.31
x) RE (3.31)

as e
Ix] j:&
4 2

L

L

Fd%Fm+4<7an+Fm
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Figure 3.8: The worst-case noise figure as a function of source reflection coefficient
for a balanced amplifier. The input divider has an ohmic loss of 0.1 dB, and
return loss and isolation better than 20 dB, 26 dB or 32 dB. The amplifiers have
Il;|=—7dB, F,,=1dB, r, = 0.1 and I',=0.
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Figure 3.9: The noise figure degradation as a function of the return loss and
isolation for a balanced amplifier. The input divider has an ohmic loss of 0.1 dB,

and |[';|=—10 dB. The amplifiers have |I';|=—7 dB, F,,=1 dB, I',=0 and various
r, values.
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For the same amplitude imbalance on the output divider, with the help of 3.29,

the noise figure now lies in the range

INls L T
Fy=F,+4\r,+ F,, + F, |— —_— 3.32
d + <7‘ + 1 T T - |Fs’2 ( )
For example, with F,,,=1 dB, r, = 0.1, |I;| = =7 dB, |I'\| = —10 dB, lossless

dividers with 0.2 dB imbalance may result in at most 0.03 dB noise figure degra-
dation or improvement. Fig. 3.10 is given to show the effect of the amplitude
imbalance on the noise figure for different I'y values. The ohmic loss is also added
to each arm of the divider. The amplitude imbalance may improve or degrade
the noise figure but this influence is small if the imbalance is less than 0.5 dB.
Besides, the noise figure increases at least as the amount of the loss emphasizing

the importance of the ohmic loss on the noise figure.
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Figure 3.10: Noise figure degradation with respect to the amplitude imbalance.
The amplifiers have |I';|=—7 dB, F,,=1 dB, r, = 0.1 and T',=0.

If only the input divider has a phase error defined by A,/A,2 = e for a
phase imbalance less than 10°, the noise figure is in the range

r;)? r;|0 r,|?

,|4) 1|,

Fd%Fm+4(Tn+Fm + F,
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obtained by using 3.26. On the other hand, if both dividers have the same phase

error, the noise figure can be simplified as

Fy~F,+4(r+F |Fi‘2(1—92) G (3.34)

that makes the noise figure degradation negligible. Fig. 3.11 shows the effect of
the phase imbalance on the noise figure. If there is the same amount of phase
imbalance canceling each other for the input and output dividers, the noise figure
degradation is negligible as we proved in 3.34. However, if only the input divider
has the phase imbalance, then the degradation becomes more as the imbalance
increases. A worse I'y value enhances the amount of degradation on the noise

figure.

05

—e—Imbalance only at input, |1“S|=-1OdB
- e - Sameimbalance, |FS|=-1OdB

0.4 | — Imbalance only at input, " =0 y
- - -Sameimbalance, |T' |0

0 1 2 3 4 5 6 7 8 9 10
Phase Imbalance (degree)

Figure 3.11: Noise figure degradation with respect to the phase imbalance. The
amplifiers have |I';|=—7 dB, F,,=1 dB, r, = 0.1 and T",=0.
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3.2.3 Non-zero I,

In the previous analysis, we assumed that the optimal source impedance of the
amplifier is zero. By using the noise wave approach, the effect of the non-zero
I', on the noise figure can be analytically found. For simplicity, assume that the
input and the output dividers are ideal. So, with the help of the analysis given

in section 3.1,

4(r, M + Fm’Fi|2/4)lFS|2

F,=F, ,
&y 5 [ITE

(3.35)

where
B |FO/F$|2 +1]1— 1“,»1“0|2

M
11+ T2

(3.36)

We can recheck that, if ', = 0, 3.35 will simplify to 3.25. Besides, if we
rearrange 3.35 by adding and subtracting 47,|T,|?/|1+T,|?, we can find the noise

parameters of the balanced amplifier with a non-zero I', as,

41, | T, |?

Foo=F, + ——, 3.37
d + 1+, ( )
T,y =0, (3.38)

To? + 1 = I, |? T
T =T e iy (3:39)

It is seen that, the minimum noise figure and noise resistance of the balanced
amplifier are changed by additional terms which are the functions of I',. For T,
=0, Fpqa = F,, and 7,4 = r,, + F,,|T;|?/4. It’s also important that, although the
optimal source impedance of a single amplifier is non-zero, the optimal source
impedance of the balanced amplifier is zero. It is consistent with the result
obtained in 3.28 that, I',,; directly depends on the input reflection coefficient of

the input divider which is zero.
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Table 3.1: Measured parameters for amplifiers A;/As(GALI-84+) and A3/Ay
(PGA-103+) at 1.55 GHz.

Amp IT;| (dB) F,, (dB) T
A /A, | —14.4/ —13.9 | 5.62/5.62 | 0.85/0.87
Ay/A, | —16.7/ — 17.4 | 0.90/0.83 | 0.10/0.09

3.2.4 Experimental Results for Noise Figure

To verify the equations of the noise parameters and the noise figure degradation
in a balanced amplifier experimentally, two pairs of amplifiers, A;-As, Az-Ay
are fabricated®. The inputs of the amplifiers are matched at 1.55 GHz to the
optimal noise impedance (I', = 0) to get the noise figure of F,,. Table 3.1 lists
the parameters measured using Keysight PNA-X N5242A Network Analyzer at
1.55 GHz. Two dividers (with intentionally poor return loss and isolation to
see their effect more clearly) with an ohmic loss of 0.2 dB are manufactured.
The dividers have |I',| values of —11 dB (Dj1-D1a: D1) and —25 dB (Day,Dss:
Dy), while the |I';|, |I's| and || have nearly the same value of —17 dB. The S-
parameters of the dividers are plotted in Figs. 3.12 and 3.13 for the frequency
range of 1.5-1.6 GHz.

Four balanced amplifiers using different combinations of dividers and amplifier
pairs (see Fig. 3.14) are tried: B; designed with A;-Ay, By designed with As-
Ay, both using the divider D;; By designed with A;-Ay, By designed with Az-Ay
both using the divider Ds. The noise parameters of the balanced amplifiers are
measured using Keysight PNA-X N5242A in the frequency range 1.5-1.6 GHz.
The same parameters are calculated using (3.28) from the measured individual
amplifier parameters. The comparisons are presented in Fig. 3.15 and Fig. 3.16
indicating a good agreement. The measured values of I',4 are equal to the mea-
sured values of I'Y, confirming our theory. From (3.28), I',4 depends on only the
input return loss of the divider. Since the impedance of the network analyzer is
50 ohm (I's = 0), the balanced amplifier using the divider with a better I', (I'; is

3Mini-Circuits, NY 11235, USA, http://www.minicircuits.com
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Figure 3.12: S-parameters of the D; having poor |I',| plotted with respect to the
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Figure 3.14: Photo of the amplifiers, divider pairs and SMA line extenders used
to build balanced amplifiers.

close to T',y) has a lower noise figure.
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Figure 3.15: Calculated (solid) and measured (points) F,q and 7,4 for the bal-
anced amplifiers B; (circle), By (cross), Bs (square) and By (plus). The graphs
show the good agreement between the theoretical and measurement results.
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Figure 3.16: Calculated (solid) and measured (points) ',y for the balanced am-
plifiers on the Smith chart in the frequency range 1.5-1.6 GHz. The measured
values of ',y are equal to the measured values of I';, confirming our theory.
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Chapter 4

Conclusion

We analyzed the total gain variation for balanced amplifiers using 2-way 0° di-
viders and 90° couplers. We obtained analytical expressions of the total variation
in |Sg;| for both balanced structures. The expressions indicate that the maxi-
mum gain variation is greater if 90° coupler is used in the balanced structure as
opposed to a 2-way 0° divider for the same amplifier/divider parameters. We
verified experimentally the analytical expressions we derived by designing a bal-
anced amplifier and measuring the variation in the gain.

Furthermore, by using the noise wave approach, we found the output noise powers
generated by each element of the balanced amplifier. Then, we analyzed the noise
figure for a balanced amplifier and we provide approximate analytical expressions
for the noise figure and noise parameters. While a balanced amplifier provides an
input port with a high return loss, it degrades the noise parameters even when
an ideal divider is used when |I';| is non-zero. With an imperfect divider there is
further degradation in the noise parameters. This degradation is not only from
the ohmic loss of the divider, but also from its input return loss. While a typical
phase imbalance in the divider does not cause a problem, an amplitude imbal-
ance may degrade the noise figure further. Besides, for non-zero I',, both the F),4
and 7,4 change dependent to I', whereas I',; becomes 0. The presented graphs
emphasize the need for a high performance input divider to limit the noise figure

degradation.
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