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ABSTRACT

GAIN VARIATION AND NOISE FIGURE
DEGRADATION IN BALANCED AMPLIFIERS

Akif Alperen Coşkun

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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ÖZET

DENGELİ YÜKSELTEÇLERDE KAZANÇ
VARYASYONU VE GÜRÜLTÜ FİGÜRÜ

KÖTÜLEŞMESİ

Akif Alperen Coşkun

Elektrik-Elektronik Mühendisliği, Doktora

Tez Danışmanı: Abdullah Atalar

Temmuz 2017

Modern kablosuz iletişim sistemlerinde dengeli yükselteçleri kullanmak birçok

avantaja sahip olmakla birlikte, yükselteçteki ve bölücü/birleştirici bölümlerdeki

ideal dışı durumlar sebebiyle, dengeli yükselteçlerin kazanç ve gürültü tepkisi bek-

lenen değerden önemli ölçüde farklı olabilir. İlk olarak, 2-kollu 0◦ güç bölücü ve

90◦ bağlaç kullanan dengeli yükselteçlerde, kazançta oluşan varyasyonları analiz

ediyoruz. Bu bağlamda, iki topoloji için karşılaştırmalı olarak matemetiksel anal-

izler yapılmış ve analitik ifadeler elde edilmiştir. Analitik ifadeler göstermiştir ki,

aynı geri yansıma kaybı/izolasyon değerleri için, 90◦ kuplör kullanılan dengeli

yükselteçlerde toplam kazançtaki belirsizlikler 2-kollu 0◦ güç bölücü kullanıldığı

duruma göre daha fazladır. Ardından, gürültü dalgalarını kullanarak, bölücülü

dengeli yükselteç topolojisinin gürültü figürü ve gürültü parametreleri için kesin

ve yaklaşık analitik sonuçları sunuyoruz. Gürültü dalga yaklaşımının yardımıyla,

dengeli yükselteçteki her bir elemanın çıkışta ürettiği gürültü gücü çıkarılmıştır.

Bölücünün ilinti matrisi ve gürültü dalgalarını belirlemek için bölücünün Y-

parametreleri, yükseltecin gürültü dalgalarını yazabilmek için yükseltecin gürültü

parametreleri kullanılmıştır. Dengeli yükselteçler, ideal bir giriş bölücüyle bile,

tekil yükseltece kıyasla gürültü figürü performansından muzdariptir. Gürültü

parametreleri, ideal olmayan bir bölücü ile daha da bozulur. Sadece sıfır olmayan

dönüş kaybı ve izolasyon değil aynı zamanda omik kayıp, genlik ve faz dengesiz-

likleri de göz önüne alınmıştır. Ayrıca, sıfır olmayan optimum kaynak empedansı,

dengeli yükseltecin gürültü parametrelerini etkilemektedir. Ölçüm sonuçları da

bir doğrulama olarak sunulmuştur.

Anahtar sözcükler : Dengeli yükselteçler, kazanç varyasyonu, uyumsuzluk, gürültü

figürü, gürültü parametreleri, gürültü dalgaları, faz ve genlik dengesizlikleri, iki-

kollu bölücü, hibrit bağlaç.

v



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

Yalabık and Prof. Vakur B. Ertürk for their contributions during our research

meetings. I am grateful to the other members of my dissertation committee Prof.

Şimşek Demir and Prof. Barış 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 Ayşen, my
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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

1



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 Γ1 and Γ2, the mismatch uncertainty, MU , is

given by [36]

MUdB = 20 log10(1± |Γ1Γ2|). (1.1)
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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].
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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-

Amp

Amp

1

4

2

3

Z0

Z0 

2-Way 0º 2-Way 0º

λ/4

Z0

λ/4

Z0

L1

Z0

L1

Z0

L2

Z0

L2

Z0

+ D1

D2
A1

A2

D3

D3

D2

D1

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

rical but imperfect dividers, Sd, and the amplifiers, Sa, with respect to Z0 are
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given in the matrix form as

Sd =


Γc Fc Fc

Fc Γ I

Fc I Γ

 , Sa =

[
Γi R

F Γo

]
. (2.1)

In Sd, Γc denotes the return loss of the port D1, Γ denotes the return losses of the

ports D2 and D3, I denotes the isolation between the ports D2-D3 and Fc denotes

the insertion loss of both from D1 to D2 and D1 to D3 of the divider. Besides,

Γi denotes the input return loss, Γo denotes output return loss, F denotes gain

and R denotes the reverse isolation of the amplifier as given in Sa. Nonzero Γ

and I of the divider may have arbitrary phases. Since the divider is lossless when

excited from port 1, we have

|Γc|2 + |Fc|2 + |Fc|2 = 1 and |Γc| = |Γ + I|, (2.2)

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

|Fc| =
√

1− |Γ + I|2√
2

. (2.3)

We note that the S-parameters of the amplifier, Sa, given in (2.1) include the

phase shifts due to input (L1) and output (L2) interconnection transmission lines

of arbitrary length.

Consider the signal flow-graph of the circuit shown in Fig. 2.2. Here, ai rep-

resents the incident wave and bi represents the reflected wave at the port i. If Vi

and Ii are the rms voltage and current at port i, we define these quantities as

ai =
1

2

(
Vi√
Z0

+ Ii
√
Z0

)
, bi =

1

2

(
Vi√
Z0

− Ii
√
Z0

)
. (2.4)

Using Mason’s [39] rule1, we find [40] the forward gain of the balanced amplifier

as

|SD21| =
∣∣∣∣ b2

a1

∣∣∣∣ = |2FFc2|
|1 + (FR− ΓiΓo)(Γ− I)2|

|∆D|
, (2.5)

1The 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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Figure 2.2: Flow graph for the balanced amplifier using divider. The dashed lines
show the irrelevant arms.

where

∆D = 1 + (Γ2 + I2)(2FR + Γ2
i + Γ2

o)− 2Γ2(Γ2
i + Γ2

o)

+ (Γ2 − I2)2(FR− ΓiΓo)
2. (2.6)

Ignoring the higher order terms, the result simplifies to

|SD21| ≈ |2FFc2|
|1 + FR(Γ− I)2|
|1 + 2FR(Γ2 + I2)|

. (2.7)

For the special case of Γ = −I (or from the last equality of (2.2), |Γc|=0), we get

the nominal gain of

|SD21| ≈ |F |. (2.8)

Due to arbitrary length of interconnecting transmission lines and random

phases of Γ and I, |SD21| may deviate from its nominal value. It is maximized

if Γ and I are out of phase and FR(Γ2 + I2) = −|FR(Γ2 + I2)| is negative real:

|SD21|max ≈ |F |[1− (|Γ| − |I|)2]
1− |FR|(|Γ| − |I|)2

1− 2|FR|(|Γ|2 + |I|2)
(2.9)
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and it is minimized if Γ and I are of the same phase and FR(Γ2 +I2) = |FR(Γ2 +

I2)| is positive real:

|SD21|min ≈ |F |[1− (|Γ|+ |I|)2]
1 + |FR|(|Γ|+ |I|)2

1 + 2|FR|(|Γ|2 + |I|2)
. (2.10)

We define the gain variation as

∆|SD21| =
|SD21|max
|SD21|min

. (2.11)

Hence we find

∆|SD21| ≈
(

1− (|Γ| − |I|)2

1− (|Γ|+ |I|)2

)(
1− |FR|(|Γ| − |I|)2

1 + |FR|(|Γ|+ |I|)2

)(
1 + 2|FR|(|Γ|2 + |I|2)

1− 2|FR|(|Γ|2 + |I|2)

)
.

(2.12)

By further algebraic manipulation, a simpler form is obtained with no |Γi| or |Γo|
dependence as

∆|SD21| ≈
1 +D −D′

1−D
, (2.13)

where

D = (1 + |FR|)(|Γ|+ |I|)2 (2.14)

and

D′ = 2(1 + |FR|)(|Γ|2 + |I|2). (2.15)

(2.13) is accurate to within 2%, as long as |FR| ≤ −2 dB, |Γi| ≤ −8 dB, |Γo| ≤
−8 dB, |Γ| ≤ −16 dB and |I| ≤ −16 dB.

In Fig. 2.3, the gain variation, ∆|SD21|, is plotted using the exact expression

of (2.5) for various divider parameters. The gain variation decreases with the

decreasing |FR| product of the amplifier. The gain variation is also minimized,

when |Γ| or |I| is minimized. We verified the expression in (2.5) by a linear

microwave simulator.2 We performed a Monte-Carlo analysis by allowing the

phases of the amplifier S-parameters as well as the phases of Γ and I 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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Figure 2.3: The gain variation, ∆|SD21|, for a balanced amplifier with divider for
various divider parameters and for amplifiers with |Γi| = −12 dB, |Γo| = −6 dB.
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−12 dB, |Γo| = −12 dB.
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Figure 2.5: The probability density of the gain deviation of a balanced amplifier
with divider of various parameters. Amplifiers have |FR| = −10 dB, |Γi| =
−12 dB, |Γo| = −6 dB.
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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

Amp

Amp

1

4 2

3Z0

Z0

 

90º Coupler

L1

Z0

L1

Z0

L2

Z0

L2

Z0

+ C1
A1

A2Z0

90º Coupler

C2
Z0

C3C4 C1C2

C3 C4

Figure 2.7: A balanced amplifier using 90◦ couplers.

hybrid coupler, Sc, with a finite return-loss (Γ) and isolation (I) is given as

Sc =


Γ Fd Fc I

Fd Γ I Fc

Fc I Γ Fd

I Fc Fd Γ

 . (2.16)

In Sc, Γ denotes the return losses of all ports and I denotes the isolation between

the ports C1-C4 and C2-C3. Fd denotes the insertion loss from the ports C1 to

C2 (also C4 to C3) whereas Fc denotes the insertion loss from the ports C1 to C3

(also C4 to C2) of the coupler. Since the hybrid coupler is lossless, we have

|Γ|2 + |Fc|2 + |Fd|2 + |I|2 = 1. (2.17)

With |Fc| = |Fd|, we have

|Fc| = |Fd| =
√

1− |Γ|2 − |I|2√
2

. (2.18)

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

Refer to the flow-graph of the circuit shown in Fig. 2.8. Using, once again,
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Figure 2.8: Flow graph for the balanced amplifier using coupler. The dashed lines
show the irrelevant arms.

Mason’s rule3, we get the gain as

|SC21| =
∣∣∣∣ b2

a1

∣∣∣∣ = |2FFcFd|
∣∣∣∣∆1

∆C

∣∣∣∣ , (2.19)

where

∆1 = 1− Γ(Γi + Γo)− (FR− ΓiΓo)(Γ
2 + I2) (2.20)

and

∆C = 1− 2Γ(Γi + Γo)− 2(FR− ΓiΓo)(Γ
2 + I2)

+ [2Γ(Γi + Γo)(FR− ΓiΓo) + (Γi + Γo)
2](Γ2 − I2)

+ (FR− ΓiΓo)
2(Γ2 − I2)2. (2.21)

Ignoring the higher order terms, ∆C simplifies to

∆C ≈ 1− 2Γ(Γi + Γo)− 2(FR− ΓiΓo)(Γ
2 + I2). (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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|SC21| is maximized if Γi and Γo are of the same phase, I2 and Γ2 are of the same

phase, Γ(Γi+Γo) = |Γ(Γi+Γo)| and (FR−ΓiΓo)(Γ
2+I2) = |(FR−ΓiΓo)(Γ

2+I2)|
are both positive real. Defining

C = |Γ(Γi + Γo)|+ |(FR− ΓiΓo)(Γ
2 + I2)|, (2.23)

the maximum gain, |SC21|max, is found as

|SC21|max ≈ |2FFcFd|
1− C
1− 2C

. (2.24)

|SC21| is minimized if Γi and Γo are of the same phase, I2 and Γ2 are of the same

phase, Γ(Γi+Γo) = −|Γ(Γi+Γo)| and (FR−ΓiΓo)(Γ
2+I2) = −|(FR−ΓiΓo)(Γ

2+

I2)| are both negative real. In this case, |S21|min is

|SC21|min ≈ |2FFcFd|
1 + C

1 + 2C
. (2.25)

Therefore, the gain variation can be found as

∆|SC21| ≈
1 + 2C

1− 2C

1− C
1 + C

≈ 1 + C

1− C
. (2.26)

This equation is accurate to within 2%, as long as |FR| ≤ −2 dB, |Γi| ≤ −8 dB,

|Γo| ≤ −8 dB, |Γ| ≤ −14 dB and |I| ≤ −14 dB. Just like the previous case,

decreasing the |FR| 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,

∆|S21| 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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Figure 2.9: The gain variation in |SC21| for a balanced amplifier with coupler for
various coupler parameters and for amplifiers with |Γi| = −12 dB and |Γo| =
−6 dB.
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Figure 2.10: The probability density of the gain deviation of a balanced amplifier
with coupler of various parameters. Amplifiers have |FR| = −10 dB, |Γi| =
−12 dB, |Γo| = −12 dB.
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Figure 2.11: The probability density of the gain deviation of a balanced amplifier
with coupler of various parameters. Amplifiers have |FR| = −10 dB, |Γi| =
−12 dB, |Γo| = −6 dB.

Gain Deviation (dB)
-1.5 -1 -0.5 0 0.5 1

P
ro

ba
bi

lit
y 

D
en

si
ty

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
Coupler |FR| = −2 dB, |Γi| = −12 dB and |Γo| = −6 dB

|Γ| = |I| = −17 dB

|Γ| = |I| = −20 dB

|Γ| = |I| = −23 dB

|Γ| = |I| = −26 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, |Γi| =
−12 dB, |Γo| = −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

∆|SD21| ≈
(1 +D −D′)(1− C)

(1−D)(1− C)
. (2.27)

Similarly, (2.26) can be written as

∆|SC21| ≈
(1 + C)(1−D)

(1− C)(1−D)
. (2.28)

Hence, for |Γ| 6= 0 we can state that

|Γi|+ |Γo| > 2|I| − |FR|
|Γ|

(|Γ| − |I|)2 ⇒ ∆|SC21| > ∆|SD21|. (2.29)

This condition on the left is satisfied, for example, if |FR| ≤ −2 dB, |Γi| ≥
−16 dB, |Γo| ≥ −16 dB, |Γ| ≤ −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 (A1 and A2)

that use GALI-84+ from Mini-Circuits4 at an operating frequency of 1.55 GHz.

The measured parameters (Sa 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 RO40035 20 mil substrate having 17 dB return loss and 17 dB isolation at

1.55 GHz. Table 2.2 lists the entries of Sd given in (2.1). By using these

4Mini-Circuits, NY 11235, USA, http://www.minicircuits.com
5Rogers Corp. Rogers, CT 06263, USA, http://www.rogerscorp.com
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Γi F R Γo

A1
dB −14.6 21.4 −28 −8.9

Angle 109◦ −17.5◦ −107.5◦ 27.4◦

A2
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

Γc Fc Γ (port 2, 3) I

D11
dB −10.7 −3.55 −17.2, −16.9 −16.8

Angle 120◦ −116.0◦ 89.3◦, 86.7◦ 129.7◦

D12
dB −10.9 −3.56 −17.3, −17.1 −17.0

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 L1 which is added to the parameters F , R and Γi

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.
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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, Γs, as [41]

F = Fm + 4rn
|Γs − Γo|2

(1− |Γs|2)|1 + Γo|2
, (3.1)

where rn is the normalized equivalent noise resistance, Γo is the optimal source

reflection coefficient to obtain the minimum noise figure, Fm. Suppose that

we use two such amplifiers with Γo=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 Zs (Γs). S-parameters

of the amplifiers (Sa) and the dividers (Sd) all specified with respect to Z0 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 Sd matrix, Γr, Γ1 and Γ2 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. Ar1 is the insertion loss between the ports 1 and 2 whereas Ar2 is the

insertion loss between the ports 1 and 3. In Sa, Γi 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].

Amp

Amp
1

2
Z0 

2-Way 0º 2-Way 0º

λ/4

Z0

λ/4

Z0

+

ΓS

Γr    Ar1   Ar2

      S d =   Ar1   Γ1   I

Ar2    I    Γ2

Γi    0

A     0
S a =

ZS

1

3

3

2

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

3.1.1 Noise Waves for the Amplifiers

NOISELESS

AMPLIFIERΓS aN
bN

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, Fd, with ideal lossless dividers. Here, an1, bn1 are two uncor-

related noise waves at the input of the upper amplifier whereas an2, bn2 are of the

lower amplifier. So, the output noise powers generated by these two uncorrelated

sources for each amplifier are

ΓS

Γi

Γi

-j/√2

-j/√2

-j/√2

-j/√2

-j/√2

-j/√2

-j

-j

-j

A

A

1

1

1

1

1
bS a1

b1

b2

an1

bn1
an2

bn2

a5

b5

a6

b6

b3

b4

a7

b7

b8

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

Na1 =

∣∣∣∣ b2

a5

∣∣∣∣2 (Fm − 1) +

∣∣∣∣b2

b5

∣∣∣∣2 (4rn − Fm + 1), (3.2)

Na2 =

∣∣∣∣ b2

a6

∣∣∣∣2 (Fm − 1) +

∣∣∣∣b2

b6

∣∣∣∣2 (4rn − Fm + 1). (3.3)

20



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

b2

a5

= −j A√
2

(1 + ΓsΓi),
b2

b5

= −j A√
2

Γs (3.4)

and
b2

a6

= − A√
2

(1− ΓsΓi),
b2

b6

=
A√
2

Γs. (3.5)

Finally, the output noise powers, Na1 and Na2, generated by each amplifier are

Na1 =
|A|2

2
|1 + ΓsΓi|2(Fm − 1) +

|A|2

2
|Γs|2(4rn − Fm + 1), (3.6)

Na2 =
|A|2

2
|1− ΓsΓi|2(Fm − 1) +

|A|2

2
|Γs|2(4rn − Fm + 1). (3.7)

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 in1, in2 and in3 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

Nr = |T1|2|in1|2 + |T2|2|in2|2 + |T3|2|in3|2+

T1T
∗
2 in1i

∗
n2 + T ∗1 T2i

∗
n1in2 + T1T

∗
3 in1i

∗
n3 + T ∗1 T3i

∗
n1in3+

T2T
∗
3 in2i

∗
n3 + T ∗2 T3i

∗
n2in3, (3.8)

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

Cd =


|in1|2 in1i

∗
n2 in1i

∗
n3

in2i
∗
n1 |in2|2 in2i

∗
n3

in3i
∗
n1 in3i

∗
n2 |in3|2

 . (3.9)
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NOISELESS

THREE-PORT

in2

in3

in1

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

Besides,

Cd = 2kT0Re{Y d}. (3.10)

The Y-parameter matrix of the lossless ideal divider is

Y d = Y0


0 j√

2

j√
2

j√
2

1
2
−1

2
j√
2
−1

2
1
2

 . (3.11)

The correlation matrix of the divider simplifies to

Cd = 2kT0Y0


0 0 0

0 1
2
−1

2

0 −1
2

1
2

 , (3.12)

where 2kT0Y0 can be normalized to 1 for simplicity.

By the help of (3.8), output noise power for the input divider, Nr1, is

Nr1 =

∣∣∣∣ b2

a7

∣∣∣∣2 |in2|2 +

∣∣∣∣ b2

a6

∣∣∣∣2 |in3|2 +

(
b2

a7

)(
b2

a6

)∗
in2i

∗
n3 +

(
b2

a7

)∗(
b2

a6

)
i∗n2in3.

(3.13)
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In the same manner, output noise power resulting from output divider, Nr2, is

Nr2 =

∣∣∣∣b2

b3

∣∣∣∣2 |in2|2 +

∣∣∣∣b2

b8

∣∣∣∣2 |in3|2 +

(
b2

b3

)(
b2

b8

)∗
in2i

∗
n3 +

(
b2

b3

)∗(
b2

b8

)
i∗n2in3.

(3.14)

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

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

b2

a7

= − A√
2

(1 + ΓsΓi),
b2

a6

= − A√
2

(1− ΓsΓi). (3.15)

For the output divider,
b2

b3

=
b2

b8

= − j√
2
. (3.16)

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

Nr1 = |A|2|ΓsΓi|2, Nr2 = 0. (3.17)

3.1.3 Noise Waves for the Input Source

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

Ns =

∣∣∣∣b2

bs

∣∣∣∣2 (1− |Γs|2) =

∣∣∣∣ b2

a1

∣∣∣∣2 (1− |Γs|2). (3.18)

Here, the overall transfer function,
∣∣∣ b2a1 ∣∣∣, can be found by using (2.5) as,

∣∣∣∣ b2

a1

∣∣∣∣ =

∣∣∣∣∣2A
(
−j√

2

)2
∣∣∣∣∣ . (3.19)

Finally, ∣∣∣∣ b2

a1

∣∣∣∣ = |A|. (3.20)
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3.2 Noise Figure of a Balanced Amplifier

3.2.1 Noise Figure of a Balanced Amplifier

The noise figure, Fd, of the 2-port balanced amplifier can be expressed as

Fd = 1 +
Nr1 +Nr2 +Na1 +Na2

Ns

. (3.21)

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

Fd. The parameters in Sd include the imperfections of the divider, such as finite

ohmic loss, return loss and isolation. If needed, any imperfection of the λ/4

line can also be represented by Sd. 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 β is a complex number, then

|1 + β|2 + |1− β|2 = 2(1 + |β|2). (3.22)

Proof: Denoting β = |β|ejφ,

|1 + β|2 + |1− β|2 = |1 + |β|ejφ|2 + |1− |β|ejφ|2

= 1 + |β|2 + 2|β|cosφ+ 1 + |β|2 − 2|β|cosφ

= 2(1 + |β|2).

Using (3.21), (3.6), (3.7), (3.17) and (3.22), the noise figure of the balanced

amplifier with ideal dividers is

Fd = 1 +
|A|2(1 + |ΓsΓi|2)(Fm − 1) + |A|2|Γs|2(4rn − Fm + 1) + |A|2|ΓsΓi|2

|A|2(1− |Γs|2)
.

(3.23)

With further simplification,

Fd = 1 +
Fm(1− |Γs|2)− (1− |Γs|2) + Fm|ΓsΓi|2 + 4rn|Γs|2

1− |Γs|2
. (3.24)

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

divider can be written as

Fd = Fm + 4

(
rn + Fm

|Γi|2

4

)
|Γs|2

1− |Γs|2
. (3.25)
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With a non-zero |Γi|, 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 Γi = 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 Γi and Γs. The normalized equivalent noise

resistance is increased to rn+Fm|Γi|2/4, while Fm and Γo = 0 remain unchanged.

Fig. 3.5 have plots of noise figure variation as a function of |Γs| for amplifiers

with Fm=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 Fm for various rn values. The parameters are kept

constant where |Γi|=-7 dB, |Γs|=-10 dB. For the increasing Fm, the degradation

decreases where the dominance of |Γi| starts to get less.

The exact noise figure expression is determined using a symbolic computational

package1. The resulting expressions are verified numerically by two separate linear

microwave simulators.2

Using the exact noise figure expression, Fig. 3.7 presents the maximum value of

|Γr| to limit the noise figure degradation for Γs = 0 to 0.1 dB for the lossless and

balanced divider with Γ = Γ1 = Γ2. For example, consider a balanced amplifier

built from two amplifiers with Fm=0.4 dB, rn=0.6 and Γo=0. We need to use

a lossless divider with {|Γr|, |Γ|, |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 Γ = Γ1 = Γ2,

it can be written approximately as

Fd ≈
Fm

2
(|ρa|2 + |ρb|2) + 4(rn − Fm

4
)|ρc|2

|ρd|2
2

(1− |Γs|2)
, (3.26)

1Symbolic toolbox of MATLAB, Mathworks, https://www.mathworks.com/
2AWR from AWR Corp. (http://www.awrcorp.com) and ADS from Keysight Technologies

(www.keysight.com).

25



-20 -18 -16 -14 -12 -10 -8

|
s
| (dB)

1

1.05

1.1

1.15

1.2

1.25

1.3

1.35

1.4

1.45

1.5

F
(d

B
)

single amplifier, r
n
=0.1

balanced amplifier: r
n
=0.1, |

i
|=-10 dB

balanced amplifier: r
n
=0.1, |

i
|=-6 dB

single amplifier, r
n
=0.2

balanced amplifier: r
n
=0.2, |

i
|=-10 dB

balanced amplifier: r
n
=0.2, |

i
|=-6 dB

Figure 3.5: The noise figures of single and balanced amplifiers with perfect di-
viders as a function of source reflection coefficient. Amplifiers have Fm=1 dB,
Γo=0 and various rn and |Γi| values. The noise figure of a balanced amplifier is
degraded in comparison to a single amplifier for the same source return loss.

F
m

 (dB)
0 0.3 0.6 0.9 1.2 1.5

F
d
 -

 F
m

 (
dB

)

0.2

0.3

0.4

0.5

0.6

0.7

0.8
r
n
 = 0.1

r
n
 = 0.2

r
n
 = 0.3

r
n
 = 0.4

Figure 3.6: The noise figure degradation of balanced amplifiers with perfect di-
viders as a function of Fm. Amplifiers have |Γi|=-7 dB, |Γs|=-10 dB, Γo=0 and
various rn values.

26



F
m

 (dB)
0 0.3 0.6 0.9 1.2 1.5

{|
Γ

r|,|
Γ

|,|
I|}

 (
dB

)

-24

-23.5

-23

-22.5

-22

-21.5

-21

-20.5

-20

r
n
=0.2

r
n
=0.4

r
n
=0.6

r
n
=0.8

Figure 3.7: The maximum value of the divider |Γr| to limit the noise figure
degradation in the balanced amplifier with 2-way dividers to 0.1 dB for Γs=0.
The amplifiers have |Γi|=−7 dB

where

ρa = Γi(Γs[A
2
r1 + Ar1Ar2] + Γ + I)− (ΓrΓs − 1),

ρb = Γi(Γs[A
2
r2 + Ar1Ar2] + Γ + I) + (ΓrΓs − 1),

ρc = Γ + I + Γs
(Ar1 + Ar2)2

2
,

ρd = Ar1 + Ar2 + (Ar2 − Ar1)Γi(Γ + I).

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

Fd ≈
Fm
α

+
4(rn + Fm

|Γi|2
4

)|Γx|2

α(1− |Γr|2)(1− |Γs|2)

+
Fm(|Γs|2 − 1− |Γx|2 + |1− ΓrΓs|2 + (1− |Γs|2)|Γr|2)

α(1− |Γr|2)(1− |Γs|2)

with Γx = Γ + I + 2A2
rΓs and α ,

2|Ar|2

1− |Γr|2
. (3.27)
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Here, α defines the ohmic loss of the divider and we have Γ = Γ1 = Γ2 and

Ar = Ar1 = Ar2. The approximation in (3.27) is accurate to within ±0.03 dB,

for {|Γr|, |Γ|, |I|} ≤ −17 dB, |Γi| ≤ −7 dB, α > −1 dB and |Γs| ≤ −10 dB. Note

that for Γr = Γ = I = 0 and α = 1, (3.27) reduces to (3.25).

We ignore the last term of Fd expression in (3.27) and since |Ar|2(Γ + I) ≈
−A2

rΓ
∗
r we let |Γx| ≈ |Γs − Γ∗r|, to find the approximate noise parameters of the

balanced amplifier Fmd, Γod and rnd as

Fmd ≈
Fm
α
, Γod ≈ Γ∗r, rnd ≈

(
rn + Fm

|Γi|2

4

)
|1 + Γr|2

α(1− |Γr|2)
, (3.28)

where ∗ is the conjugate operator. We observe that Fmd increases, rnd may in-

crease or decrease and Γod is no longer zero. Note that the noise parameters

depend on α and Γr, but not on Γ or I. In (3.28), the accuracy of the pa-

rameters is given by: Fmd: ±0.005 dB, rnd: ±8%, |Γod|: ±0.02, as long as

{|Γr|, |Γ|, |I|} ≤ −17 dB, α > −0.2 dB and rn > 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. |Γs| is

kept constant to −10 dB and the degradation is presented for various rn 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 {|Γr|, |Γ|, |I|} 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 |Γs|=−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 1.02+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

Fd ≈
Fm

(
|ΓsΓiρx+1|2

4|Ar2|2 + |ΓsΓiρx−1|2
4|Ar1|2

)
+ 4

(
rn + Fm

|Γi|2
4

)
|Γs|2ρx

1− |Γs|2
, (3.29)

where

ρx = (A2
r1 + A2

r2). (3.30)

Note that any attenuation or phase error in the λ/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 Γs and Γi.

Assume that, the input divider is lossless and there is an amplitude imbalance in

between each arms of the divider defined by Ar1/Ar2 = 1 + 2x 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

as

Fd ≈ Fm + 4

(
rn + Fm

|Γi|2

4
± Fm

2

∣∣∣∣ΓiΓs

∣∣∣∣x) |Γs|2

1− |Γs|2
. (3.31)
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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

Fd ≈ Fm + 4

(
rn + Fm

|Γi|2

4
± Fm

∣∣∣∣ΓiΓs

∣∣∣∣x) |Γs|2

1− |Γs|2
. (3.32)

For example, with Fm=1 dB, rn = 0.1, |Γi| = −7 dB, |Γs| = −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 Γs 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 |Γi|=−7 dB, Fm=1 dB, rn = 0.1 and Γo=0.

If only the input divider has a phase error defined by Ar1/Ar2 = ejθ, for a

phase imbalance less than 10◦, the noise figure is in the range

Fd ≈ Fm + 4

(
rn + Fm

|Γi|2

4
± Fm

∣∣∣∣ΓiΓs

∣∣∣∣ θ4
)
|Γs|2

1− |Γs|2
(3.33)

31



obtained by using 3.26. On the other hand, if both dividers have the same phase

error, the noise figure can be simplified as

Fd ≈ Fm + 4

(
rn + Fm

|Γi|2

4
(1− θ2)

)
|Γs|2

1− |Γs|2
(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 Γs value enhances the amount of degradation on the noise

figure.
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3.2.3 Non-zero Γo

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

Γo 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,

Fd = Fm +
4(rnM + Fm|Γi|2/4)|Γs|2

1− |Γs|2
, (3.35)

where

M =
|Γo/Γs|2 + |1− ΓiΓo|2

|1 + Γo|2
. (3.36)

We can recheck that, if Γo = 0, 3.35 will simplify to 3.25. Besides, if we

rearrange 3.35 by adding and subtracting 4rn|Γo|2/|1+Γo|2, we can find the noise

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

Fmd = Fm +
4rn|Γo|2

|1 + Γo|2
, (3.37)

Γod = 0, (3.38)

rnd = rn
|Γo|2 + |1− ΓiΓo|2

|1 + Γo|2
+ Fm

|Γi|2

4
. (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 Γo. For Γo

= 0, Fmd = Fm and rnd = rn + Fm|Γi|2/4. 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, Γod 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 A1/A2(GALI-84+) and A3/A4

(PGA-103+) at 1.55 GHz.

Amp |Γi| (dB) Fm (dB) rn
A1/A2 −14.4/− 13.9 5.62/5.62 0.85/0.87
A3/A4 −16.7/− 17.4 0.90/0.88 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, A1-A2, A3-A4

are fabricated3. The inputs of the amplifiers are matched at 1.55 GHz to the

optimal noise impedance (Γo = 0) to get the noise figure of Fm. 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 |Γr| values of −11 dB (D11-D12: D1) and −25 dB (D21,D22:

D2), while the |Γ1|, |Γ2| and |I| 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: B1 designed with A1-A2, B3 designed with A3-

A4, both using the divider D1; B2 designed with A1-A2, B4 designed with A3-A4

both using the divider D2. 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 Γod are equal to the mea-

sured values of Γ∗r, confirming our theory. From (3.28), Γod depends on only the

input return loss of the divider. Since the impedance of the network analyzer is

50 ohm (Γs = 0), the balanced amplifier using the divider with a better Γr (Γs is

3Mini-Circuits, NY 11235, USA, http://www.minicircuits.com
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Figure 3.14: Photo of the amplifiers, divider pairs and SMA line extenders used
to build balanced amplifiers.

close to Γod) has a lower noise figure.
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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 |S21| 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 |Γi| 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 Γo, both the Fmd

and rnd change dependent to Γo whereas Γod becomes 0. The presented graphs

emphasize the need for a high performance input divider to limit the noise figure

degradation.
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