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Two-Port Amplifier Design 

Using S-parameters 



Amplifier Design using S-parameters 

• Two-Port Power Gain 

• Stability 

• Unilateral Gain 

• CONSTANT GAIN CIRCLES 



Two-Port Power Gain 
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TWO-PORT POWER GAIN 

Figure 7.1: A two port network with general source and load impedance. 
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TWO-PORT POWER GAIN 

Power Gain = G = PL / Pin is the ratio of power dissipated in the load ZL to the power 

delivered to the input of the two-port network. This gain is independent of Zs although 

some active circuits are strongly dependent on ZS. 
 

Available Gain = GA = Pavn / Pavs is the ratio of the power available from the two-port 

network to the power available from the source. This assumes conjugate matching in both 

the source and the load, and depends on ZS but not ZL. 
 

Transducer Power Gain = GT = PL / Pavs is the ratio of the power delivered to the load to 

the power available from the source. This depends on both ZS and ZL. 
 

If the input and output are both conjugately matched to the two-port, then the gain is 

maximized and G = GA = GT 
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TWO-PORT POWER GAIN 
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From the definition of S parameters: 

[3.1a] 

[3.1b] 

Eliminating V2
- from [3.1a]: 

[3.2] 
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[3.3] 
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TWO-PORT POWER GAIN 
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Using: 

Solving for V1
+: 

[3.4] 

[3.5] 

[3.6] 
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TWO-PORT POWER GAIN 
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The average power delivered to the network: 

The power delivered to the load is: 

[3.7] 

[3.8] 

[3.9] 
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TWO-PORT POWER GAIN 
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The power gain can be expressed as: 

The available power from the source: 

The available power from the network: 

[3.10] 

[3.11] 

[3.12] 
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TWO-PORT POWER GAIN 
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The power available from the network: 

The available power gain: 

The transducer power gain: 

[3.13] 

[3.14] 

[3.15] 



AMPLIFIER BLOCK DIAGRAM 
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Example: Gain Expressions 

 An RF amplifier has the following S-parameters at fo: s11=0.3<-70o, s21=3.5<85o, 

s12=0.2<-10o, s22=0.4<-45o.  The system is shown below.  Assuming reference 

impedance (used for measuring the S-parameters) Zo=50, find: 

 (a) GT, GA, GP. 

 (b) PL, PA, Pinc.  

Amplifier 
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Example Cont... 

 Step 1 - Find  s and L . 

 Step 2 - Find 1 and 2 . 

 Step 3 - Find G, GA, GT. 

 Step 4 - Find PL, PA. 

 D=s11s22-s12s21 

 Gp=GT 
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Try to derive  

These 2 relations 

Note that this is an analysis problem. 



Stability 
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Example 2 

The S parameters for the HP HFET-102 GaAs FET at 2 GHz with a bias voltage of 

Vgs = 0 are given as follow (Z0 = 50 Ohm): 

 

S11 = 0.894 < -60.6 

S21 = 3.122 < 123.6 

S12 = 0.020 < 62.4 

S22 = 0.781 < -27.6 

 

Determine the stability of this transistor using the K- test and the μ test, and plot 

the stability circles on the Smith Chart 
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Example 2 
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For the μ test: 

Remember, criteria for unconditional stability is: 

For the K- test: 
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Example 2 
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For the μ test: 

Calculation results: 

For the K- test: 

Which indicates potential instability 
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Example 2 

Input stability circle and radius 

Calculation for the input and output stability circles: 

Output stability circle center and radius: 
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STABILITY 

Figure 7.4: Example of stability circles 



A unilateral device condition for unconditional 
stability  

• For a unilateral device condition for unconditional stability in terms of S 
parameters is │S11│<1, │S22│<1. 

Explanation: For a unilateral device, the condition for unconditional 
stability is │S11│<1, │S22│<1. S11 parameter signifies the amount of power 
reflected back to port 1, which is the input port of the transistor. If this S 
parameter is greater is than 1, more amount of power is reflected back 
implying the amplifier is unstable. 

• If │S11│>1 or │S22│>1, the amplifier cannot be unconditionally stable. 

If │S11│>1 or │S22│>1, the amplifier cannot be unconditionally stable 
because we can have a source or load impedance of Zₒ leading to Гs=0 or 
ГL=0, thus causing output and input reflection coefficients greater than 1. 



Condition for unconditional stability  

• The condition for unconditional stability of a transistor is │∆│< 1 and K>1. 
Here, │∆│ and K are defined in terms of the s parameters of the transistor 
by defining the S matrix. To determine the unconditional stability of a 
transistor in K-∆ method, the S matrix of the transistor must be known. 

• If the S parameters of a transistor given are 
S11=-0.811-j0.311 
S12= 0.0306+j0.0048 
S21=2.06+j3.717 
S22=-0.230-j0.4517 
Then ∆ for the given transistor is 0.336.  

Explanation: Given the S parameters of a transistor, the ∆ value of the 
transistor is given by │S11S22-S12S21│. Substituting the given values in the 
above equation, the ∆ of the transistor is 0.336. 



Unilateral Gain 





Amplifier Design using S-parameters 



Amplifier Design using S-parameters 

• Stability check 

• Matching network design according to gain, power or 
noise maximization 

• Conjugate match for maximum gain but usually lower 
bandwidth. 

• Trade off between gain and bandwidth 
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Example 

Design an amplifier for a maximum gain at 4.0 GHz. Calculate the overall 

transducer gain, G, and the maximum overall transducer gain GTMAX. The S 

parameters for the GaAs FET at 4 GHz given as follow (Z0 = 50 Ohm): 

 

S11 = 0.72 < -116 

S21 = 2.60 < 76 

S12 = 0.03 < 57 

S22 = 0.73 < -68 
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Example (Cont) 
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Determine the stability of this transistor using the K- test 

Since || < 1 and K > 1, the transistor is unconditionally stable at 4.0 GHz.  
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Example (cont) 

For the maximum gain, we should design the matching sections for a conjugate 

match to the transistor. Thus, ΓS = Γin* and ΓL = Γout*, ΓS and ΓL can be determined 

from; 
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Example  

dB
S

G
S
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1
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So the overall maximum transducer gain will be; 

The effective gain factors can calculated as: 

dBG
T

7.1622.230.820.6
max
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Example 4 

An FET is biased for minimum noise figure, and has the following S parameters at 

4 GHz: 

 

S11 = 0.60 < -60 

S21 = 1.90 < 81 

S12 = 0.05 < 26 

S22 = 0.50 < -60 

 

For design purposes, assume the device is unilateral and calculate the max error in 

GT resulting from this assumption.  
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Unilateral form 
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• In many practical cases |S12| is small enough to be ignored, the device then can be 

assumed to be unilateral, which greatly simplifies design procedure 

• Error in the transducer gain caused by approximating |S12| as zero is given by the 

ratio GT/GTU, and be bounded by: 

Where U is defined as the unilateral figure of merit 
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Example 4 (cont) 
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To compute the unilateral figure of merit; 

Then the ratio of GT/GTU is bounded as;  
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Example 4 (cont) 

In dB, this is; 

dBGG
TUT

53.050.0 

Where GT and GTU are now in dB. Thus we should expect less than about ± 0.5 dB 

error in gain.  



CONSTANT GAIN CIRCLES 
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Constant gain circle and design for specified gain 

• In many cases it is preferable to design for less than the maximum obtainable gain, to 

improve bandwidth, to obtain a specific value of amplifier gain, or to minimize the 

effect of device variations. 

• This can be done by designing the input and output matching sections to have less 

than maximum gains; in other words, impedance mismatches are purposely 

introduced to reduce the overall gain. 

• The design procedure is facilitated by plotting constant gain circles on a Smith chart, 

to represent loci of                 that give fixed values of gain for the input and output 

sections (Gs and GL). 
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Example 5 

Design an amplifier to have a gain of 11 dB at 4 GHz. Plot constant gain circles for 

GS = 2 dB and 3 dB; and GL = 0 dB and 1 dB. The FET has the following S 

parameters (Z0 = 50 Ω): 

 

S11 = 0.75 < -120 

S21 = 2.50 < 80 

S12 = 0.00 < 0 

S22 = 0.60 < -85 
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Example 5 (cont) 

Since S12 = 0 and |S11| < 1 and |S22| < 1, the transistor is unilateral and 

unconditionally stable. We calculate the max matching section gains as; 

The gain of the mismatched transistor is;  

dB
S

G
S

6.329.2
1

1
2

11

max





dB
S

G
L

9.156.1
1

1
2

22

max





dBSG 0.825.6
2

210




65 

Example 5 (cont) 

So the max unilateral transducer gain is  

Thus we have 2.5 dB more available gain than required by specs, since the design 

only requires 11 dB gain. However, the question also asked us to analyze the effect 

of having: 

 

Condition 1: GS = 3 dB and GL = 0 dB 

Condition 2: GS = 2 dB and GL = 1 dB 

 

(Note that these conditions must happens at the same time in order to keep the gain 

at 11 dB.) 

dBG
UT

5.130.89.16.3
max
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Example 5 (cont) 
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For condition 1 (input side), when GS = 3 dB: 
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Example 5 (cont) 

For condition 1 (output side), when GL = 0 dB: 
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Example 5 (cont) 
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Constant Gain Circles in the Smith Chart 
To obtain desired amplifier gain performance 
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Circle Equation and Graphical Display 
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Gain Circles 

• Max gain imax =1/(1-|Sii|
2) when i = Sii* ; gain circle 

center is at dgi= Sii* and radius  rgi =0 

• Constant gain circles have centers on a line 
connecting origin to Sii* 

• For special case i = 0, gi = 1-|Sii|
2 and  

 dgi = rgi = |Sii|/(1+|Sii|
2) implying i = 1 (0 dB) circle 

always passes through origin of i plane 
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Trade-off Between Gain and Noise 



Example: Unilateral Constant Gain Circles 

• The s-parameters of a bipolar transistor at 500MHz are the following 

 

 

 

• Compute the coordinates of the lateral consant-gain circles of the source, from 𝐺𝑆𝑚𝑎x to 1dB, 
in 1 dBsteps, and plot on the Smith Chart. 

• 𝐺𝑆𝑚𝑎x= 
1

1− 𝑆11
2= 

1

1− 0.706 2=1.995,    10log(1.995)=3dB 

• Next compute 𝑔𝑠, 𝐶𝑠, 𝑟𝑠  

• 𝑔𝑠 =
𝐺𝑠

𝐺𝑆𝑚𝑎x
= 𝐺𝑆 (1 − 𝑆11

2)=1.995(1 − 0.706 2)=1 ; 𝐺𝑆 (in dB): 3, 2,1,0,-1 

 

• 𝛤𝑠 = 𝑆11
∗  

S11 S21 S12 S22 

0.706  -150deg 3.162   80deg 0.01  45deg 0.866  -60deg 



The Corresponding Unilateral Power Gain, with S12=0 

• If 𝑆12 = 0, the maximum gain of a two-port is achieved when 𝛤𝑠 = 𝑆11
∗  and 𝛤𝐿 = 𝑆22

∗  

• The resultant gain change is, 𝐺𝑆𝑚𝑎x = 
1

1− 𝑆11
2   and  𝐺𝐿𝑚𝑎x = 

1

1− 𝑆22
2  

• The maximum unilateral gain, 

𝐺𝑇𝑈𝑚𝑎x=𝐺𝑆𝑚𝑎x𝐺𝑜𝑚𝑎x𝐺𝐿𝑚𝑎x= 
1

1− 𝑆11
2  𝑆21

2 
1

1− 𝑆22
2 

 

𝐺𝑇𝑈𝑚𝑎x𝑑𝐵=𝐺𝑆𝑚𝑎x𝑑𝐵 + 𝐺𝑜𝑚𝑎x𝑑𝐵 + 𝐺𝐿𝑚𝑎x𝑑𝐵 



Example: Continue 

Gs (in dB) 3 2 1 0 -1 

Gs(in factor) 2 1.58 1.26 1 0.79 

𝑔𝑠 1 0.79 0.63 0.50 0.4 

𝐶𝑠  0.706 0.63 0.55 0.47 0.4 

𝑟1 0 0.25 0.37 0.47 0.56 



Example: Continue 



Example: Continue 



Example: Continue 



Example: Finish 



Simultaneous Conjugate Match Design  



Simultaneous Conjugate Match Maximum Gain 



Example:Simultaneous Conjugate Match Design  



Example: Continue 



Example: Continue 



Example: Continue 



LOW NOISE AMPLIFIER DESIGN 



Low noise amplifier design 

• Besides stability and gain, another important design consideration 
for an RF or microwave amplifier is its noise figure. 

• In receiver applications especially, it is often required to have a 
preamplifier with as low a noise figure as possible since, the first 
stage of a receiver front end usually has the dominant effect on the 
noise performance of the overall system. 

• Generally it is not possible to obtain both minimum noise figure 
and maximum gain for an amplifier, so some sort of compromise 
must be made. 

• This can be done by using constant gain circles and circles of 
constant noise figure to select a usable trade-off between noise 
figure and gain. 
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Example 6 

An GaAs FET amplifier is biased for minimum noise figure and has the following 

S-parameters (Z0 = 50 Ω): 

 

S11 = 0.75 < -120 

S21 = 2.50 < 80 

S12 = 0.00 < 0 

S22 = 0.60 < -85 

Γopt = 0.62 < 100 

Fmin = 1.6 dB 

RN = 20 Ω 

 

For design purposes, assume the unilateral. Then design an amplifier having 2.0 

dB noise figure with the max gain that is compatible with this noise figure. 
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Example 6 (cont) 
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Next use the formulas to compute the center and radius of the 2 dB noise figure 

circle: 

The gain of the mismatched transistor is  
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Example 6 (cont) 

The noise figure circle is plotted in the figure. Min noise figure (Fmin = 1.6 dB) 

occurs for ΓS = Γopt = 0.62<100o 

 

 

It can be seen that GS = 1.7 dB gain circle just intersects the F = 2.0 dB noise figure 

circle, and any higher gain will result in a worse noise figure.  

GS (dB) gS CS RS 

1.0 0.805 0.52<60o 0.300 

1.5 0.904 0.56<60o 0.205 

1.7 0.946 0.58<60o 0.150 
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Example 6 (cont) 

For the output section we choose ΓL = S22* = 0.5<60o for a max GL of: 

dBGGGG
LSTU

53.8
0max



dB
S

G
L

25.133.1
1

1
2

22






dBSG 58.561.3
2

210
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Example 6 (cont) 



Examples 































Kaynaklar 

• https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf 

• Amplifiers, Prof. Tzong-Lin Wu. EMC Laboratory. Department of Electrical 
Engineering. National Taiwan University 

 

 

https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf
https://www.ece.ucsb.edu/~long/ece145a/ampdesign.pdf


Usage Notes 

• These slides were gathered from the presentations published on the internet. I 
would like to thank  who prepared slides and documents.  

• Also, these slides are made publicly available on the web for anyone to use 

• If you choose to use them, I ask that you alert me of any mistakes which were 
made and allow me the option of incorporating such changes (with an 
acknowledgment) in my set of slides. 

 
      Sincerely, 

      Dr. Cahit Karakuş 

      cahitkarakus@gmail.com 


