CHAPTER 8

Low Noise Amplifier Design

CHAPTER OUTLINE

8.1 Gains

8.2 Stability and Conjugate Matching

8.3 Gain and Noise Circles

8.4 Summary

8.5 Low Noise Amplifier Design Example

Low noise amplifier is located at the front-end of a receiver and plays the role of amplifying weak
received signals. As shown in Fig. 8.1, the signal (Ps) is not the only signal present at the input, also
present is the noise (Ns) which is likewise amplified together with the signal. In addition, the
contributions of internal noise sources of the active device, used in the amplifier, also appear at the
output. As a result, the signal to noise ratio becomes worse at the output than was received at the
input. Thus, the low noise amplifier adds only a minimum of output noise and amplifies the signal
to the extent that the next stage signal processing components can process the signal although this is
achieved at some cost to signal to noise ratio.
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Figure 8.1 Low noise amplifier design concept

Two well known methods for designing low-noise amplifiers are (1) using the equivalent circuit
of the active device employed in the amplifier and (2) using the measured S-parameters of the
active device. As we have seen previously, in general, high-frequency active devices, including
even semiconductor chips, are very complex, which is why the equivalent circuit design method is
not commonly used. Low noise amplifiers are mostly designed using the measured S-parameters
and noise parameters of the active device at a given DC bias. This design method is fairly
mathematical and has been well developed from the past. However the disadvantage is that the
frequency-dependent statistical variation of the S-parameters used in the design cannot be predicted
and so the changes in amplifier characteristics are consequently somewhat difficult to predict. That
is, during large-scale production, their accuracy is more difficult to predict compared to models and
the tolerance of the designed amplifier is also difficult to predict. However, despite these
shortcomings, the design with measured parameters is fairly systematic; and is possible even
without knowing the details of the active device. The ease of predicting the amplifier characteristics
is also an advantage.

The design of typical low noise amplifier using measured parameters as shown in Fig. 8.2,
comes down to the determination of the impedance looking into the load and source from the active
device.
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Figure 8.2 The reflection coefficient looking into the source and load from the active device.

In this chapter, we shall explain the gain, which is an important measure of a low noise
amplifier, as a function of the source and load reflection coefficients, I's and I'L shown in Fig. 8.2;
and we shall also look at the T's and I'L giving optimum gain from design perspective. In addition,
the gain degradation due to the choice of impedance at the input other than the optimum I's and T'.
will be examined. In designing low noise amplifier, not only the gain must be taken into
consideration, but so must the noise; which is the changes in noise figure when a load or source is
connected to an active device, already examined in Chapter 4. In this chapter, we will consider the
noise figure and gain as well as optimum design method of low-noise amplifier.

Furthermore, because the active device being used has some inherent degree of feedback, it
shows negative resistance for specific I's and T'(; due to which the amplifier can turn into an
oscillator. Therefore, the problem of determining whether the active device will offer a negative
resistance at a given frequency; and the method of stabilizing in that case will be explored.

8.1 GAINS

8.1.1 Input and Output Reflection Coefficients Definition

In order to determine the gain which depends on the load and source impedances connected to the
active device, the input and output reflection coefficients must be defined. This is shown in Fig. 8.3.
The general source and load impedances are fixed as Rs=R.=Z,. These impedances are converted
into the appropriate impedances through the matching circuit to derive optimum performance from
the active device. I's represents the reflection coefficient looking into the input matching circuit
from the active device; while the reflection coefficient looking into the load side of the active
device is denoted as I'L.. Note that, the reference impedance is required in order to measure these
reflection coefficients; which are the same as the measurement reference impedance when
measuring the S-parameters of active devices.
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Figure 8.3 Definition of reflection coefficients

The reflection coefficient looking into the active device from the input when a load I'\ is
connected to the active device is denoted as T'in; and similarly, the reflection coefficient looking into
the output of the active device is denoted as I'o,t When a source I's is connected to the active device.

Therefore, using the S-parameters of the active device, these reflection coefficients are expressed
as:
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8.1.2 Thevenin Equivalent Circuit

Figure 8.4 shows a circuit for measuring the reflection coefficient of a Thevenin equivalent circuit.
The Thevenin equivalent circuit is shown in the shaded area, having voltage source Er and internal
impedance Zr. The port is connected to the Thevenin equivalent circuit for measuring the reflection
coefficient. Here, Eoand Z, represent the port voltage and impedance respectively.
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Figure 8.4 Thevenin equivalent circuit

Then, the voltage V in Fig. 8.4 is determined by superposition as:

ZT Zo
0 +Er
Eo + ZT Zo + ZT

VANV (8.3)

which is the sum of the incident and reflected voltages as indicated in equation (8.3). The incident
voltage is:

Vi=—, (8.4)
Therefore, substituting equation (8.4) into (8.3), the reflected voltage V- from equation (8.3) is
given by:

vooyr e, Er Zo (8.5)
ZT +Zo Zo +ZT ,

Expressing these voltages in terms of normalized incident and reflected voltages a and b;

b= =Tra+br, (8.6)
27,
_EB %
by N (8.7)

The reflected voltage in equation (8.6) consists of two terms. The first term is the reflection
coefficient looking into Thevenin circuit when Et=0. The second term is the reflection coefficient
which depends on the voltage source Er. This can be interpreted as the voltage appearing across the
port impedance Z, when Eq=0, which is simply a load without source. In circuit theory, Er of the



Thevenin equivalent circuit of a 1-port is found by measuring open circuit voltage. Similarly the
impedance Zr, is obtained by measuring the 1-port impedance with all the internal sources in the 1-
port turned off. The reflection coefficient given by (8.6) resembles such circuit theory. The
reflection coefficient T'r is obtained by measuring the reflection coefficient with the source Er
turned off. Similarly, the reflection coefficient due to the source Er is found by measuring the
voltage delivered to the port impedance instead of measuring the open circuit voltage. The sum of
these constitutes the total reflection given of (8.6). The difference is in measuring the internal
source contributions by using a Z, termination instead of open circuit.

B Example 8.1

Prove that, |br|? obtained from equation (8.7) when Eo=0 is the power delivered to the source
resistance, Zo.

Solution
1 |ET|2
sz__ZO ’
| | 2 |0 T|2
Since
1 » 1 E e
R =2Z|l =2Z|——| =|bx[",
"2 & 272, + 2+ or|

it can be seen that P.=| br| 2.

|
Next, we examine the power delivered to the load when a Thevenin equivalent circuit is connected
to a load I'. as shown in Fig. 8.5. Note that all the reflection coefficients are measured with the
same reference impedance Z.
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Figure 8.5 Source and load connected circuit



The reflected voltage towards the load in Fig. 8.5 is
by =Tsaq +hbs, (8.8)
while the load reflected voltage is
b =Ta; (8.9)

and since by=a, and ag=by, the incident voltage toward the load can be obtained from the two
equations as:

b
= , 8.10
I (8.10)
Thus, the power delivered to the load is
P =af —|ou [ =[auf" (1] [7). (8.12)

Substituting equation (8.10) into (8.11), P, can be expressed as:

o (aIrf)

8.12
i ¢12

In addition, available power from the source is obtained when the source and the load are conjugate
matched; that is when T's=(I"L)"; substituting this condition into equation (8.12);

Pa = . (8.13)
In order to verify that, the result given by (8.13) is the available power, equation (8.7) is substituted

into (8.13),
E 7
o _ o[ _\N2Z+Z.)

’ _1_|FS|2 ) 1_(25 -2, jz - 8Z; .
Zs+7Z,

(8.14)

It can be seen that, this result is the same as the available power that can be obtained from the
source having internal resistance Zs. Also, the ratio of power delivered to the load to available
power can be computed as:
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8.1.3 Power Gains

Amplifier gain is one of the key performance indicators and is defined in many ways based on
measurement and design. Among them is the transducer power gain which is frequently used in
measurement, defined as:

_ Delivered Power to Load
' Available Power from Source -

(8.16)

In measuring this gain, the available power from a source with 50 ohm internal resistance is
measured by connecting a power meter (of 50 ohm internal resistance) to the source. Then, inserting
the amplifier between them and measuring the delivered power to the power meter, the ratio of the
powers can be obtained to determine the transducer gain given by (8.16). On the other hand, from
design perspective, when the output impedance of the amplifier is conjugate matched by varying the
load as shown in Fig. 8.6, the available power at the output can be obtained. The ratio of the
available output power to the available power from the input is called available power gain which is
defined as follows:

_Available Power from Output
*™ Available Power from Source -

(8.17)
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Figure 8.6 The concept of available power gain

This is the maximum gain derived from the output for a given source resistance, which is a
function of only the source resistance. Therefore, this represents the degradation of the gain due to
fixed source impedance.



In contrast, for a fixed load, based on the symmetrical concept shown in Fig. 8.7, when the
input impedance is adjusted to deliver maximum power to the load, then the ratio of input power
to output power is called power gain. This is defined as follows:

Delivered Power to Load
G, = : . (8.18)
Input Power at Device Input

This gain, as an indicator of the degradation of the gain due to fixed load, is commonly used in
design. The previous power gains can be expressed in terms of the 2-port S-parameters, input and
output impedances using the method described in the previous section; this will be discussed in the
next chapter.
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Figure 8.7 The concept of power gain

8.1.3.1 Transducer Power Gain

Figure 8.8(a) depicts an amplifier configured with an active device as well as input and output
matching circuits, while Fig. 8.8(b) shows a representation of the same circuit with a simplified
input and output at the device plane. The input may be represented by a Thevenin equivalent circuit,
while the output can be be represented by a single load.
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Figure 8.8 (a) Block diagram of amplifier, and (b) its equivalent circuit

Representing the 1-port circuit seen from the load I't, which includes the active device [S] and
the input circuitin Fig. 8.9, by the Thevenin equivalent circuit, the Thevenin resistance I'.
becomes:

FT = rout . (819)

Also the Thevenin reflected voltage br is the voltage appearing across the load Z, when the load T'.
is replaced by Z.. From Fig. 8.9, br is given by

br =by| _ =Saua. (8.20)
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Figure 8.9 Thevenin equivalent circuit analysis

Note that I"in=S11 because a,=0. Applying equation (8.10), a: is given by
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Thus, from (8.20), Thevenin reflected voltage br is
bs

br =Sy ——. 8.22

“1-SuT, 622

Therefore, the equivalent circuit seen from the load I'. can be represented as shown in Fig. 8.10.
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Figure 8.10 Thevenin equivalent circuit seen from the load

Applying equation (8.12), the power delivered to the load ', is

|821|2 (1_|r'-|2)

o IGF@—Fdﬂ
- Suls| L-Toul [

_ —Ip.P
LTl [ b

(8.23)

Since the available power from the source is the same as in equation (8.13), the transducer power
gain Gr is expressed as

P|_ _ 1_ |Fs |2
I:)A |1— 811F5|

|2 1_|FL|2

S :
2| B |:I-_1—‘out1_‘L|2

(8.24)

Expressed in a different way, the transducer gain can be computed using the reflection coefficient at
the input of the active device and the Thevenin equivalent circuit of the input, from which the
following result can be obtained:
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This is the same result as in equation (8.24), only that it is expressed in a different way.

8.1.3.2 Available Power Gain

Available power gain is defined as the ratio of available power at the device input to available
power at the output. This can be obtained using the previously derived transducer power gain. Note
that the transducer power gain is defined in terms of the available power at the input and the
delivered power to the output load; however, the available power at the output is the available
power when the outputimpedance is conjugate matchedto TI'o as shown inFig. 8.11. This
condition is I''=(Tow)”. Since the power delivered to the load is the available power at the output,
the available power gain can be obtained by substituting I''=(To.t)” into the transducer gain in
equation (8.24). Therefore the available power gain is given by

R (11 )isaf* (1= ) (1| sao

=—= = : (8.26)
Pa |1_routrL|2 |1—5111“s,|2 ‘ |1—511Fs|2 (1—|Fout|2)
L:FZu!
This can also be interpreted as the maximum gain for fixed Ts.
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Figure 8.11 Diagram for calculating available power gain
8.1.3.3 Power Gain
The power Pin delivered to the input of the active device as shown in Fig. 8.12 is given by:
Pn =aif |0 =[asf* (1—|rm|2), (8.27)

Using equation (8.10), this results in
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In addition, a; and az in Fig. 8.12 are given by:

b
= , (8.29)
1_Finrs
dy = rLbz . (830)
which if substituted in b gives:
N B b
D, = S8 + Sp282 = Son ———+ SalL by (8.31)
—Llinls
Then b, can be computed as
b, = Sy . (8.32)
(1_ 1_‘inl_‘s )(1_ S221_‘L )
a1 b
| -
bl az E—
- P
() bs FL
].—‘in
Figure 8.12 Thevenin equivalent circuit analysis for the calculation of power gain
Thus, the power delivered to the load is given by:
2
s (1Iref)
(8.33)

2 2 2
P :|b2| (1_|FL| )=|b5| |1—FinF5|2 |]-_322F'-|2 |

Therefore, based on the definition of power gain, the ratio of the input power Pi,to power delivered

to the load P is given by
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The power gain is the ratio of input power to the power delivered to the load. However this put
another way, the source impedance must be conjugate matched to the input impedance so that
maximum power is delivered to the input of the active device. The ratio of this input power to
the power delivered to the load leads to the same result given by (8.34). This is found in the
exercises; and the same result is obtained with such analysis. Another way of interpreting this is, it
represents the maximum gain of the active device for a fixed load T, .

8.1.3.4 Unilateral Gain
In general, because the active device has some feedback, Si1,#0. However, this can typically be
made 0 by adding the appropriate feedback circuit in which case, there will be no feedback from
output to input. This is then said to be unilateral. The resulting gain is called Mason's gain, U which
is expressed as follows:

sa
U-— 15 , (8.352)
ok 32 —2Re(821j
S12 S12
k — :l'_|S]'l|2 _|822|2 +|D|2 (835b)

2/S1Sa1

Since the Mason's gain is the gain measured after the active device has been absolutely stabilized by
removing feedback, this can be seen as the true gain of the active device. Therefore, it is used as
criteria to determine whether a measured device at an arbitrary frequency is active or passive using
measured S- parameters.

As an approximate expression to this, S12=0 is substituted into equation (8.35a), since Si1, which
represents the feedback from output to inputis generally less than 1. This results in
the transducer power gain for S;2=0. In this case, since I'in= Si1 and T'ou= Sz2, the transducer power
gain is expressed as:

(1 Jisaf (2

G =G = .
U s P - Sal

(8.36)

When the input and output reflection coefficients are each conjugate matched (I's=(I'in)", Ti=(Tout)"),
maximum gain is then obtained and the unilateral gain Grumax IS
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The calculation of this unilateral gain is simple compared to other gains and was commonly used in
the past to evaluate the maximum gain of active devices when computers were not prevalent.

(8.37)
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Figure 8.13 Unilateral gain

8.2 STABILITY AND CONJUGATE MATCHING

Active devices generally have feedback from output to input; for a load which offers negative
resistance at the input, there is the possibility of oscillation and similarly a negative resistance can
appear at the output for a specified source resistance. Sucha negative resistance does
not necessarily cause oscillation, but it limits the matching of the amplifierand must be
eliminated through stabilization method. Also, when stabilizing, the maximum gain point appears at
the conjugate matching point, and this conjugate matching point is derived mathematically; the
characteristics of which will be examined in this chapter.

8.2.1 Load and Source Stability Regions

A particular load or source impedance offers negative resistance to the input and output
impedances of the active device, so the region of a specified load and source impedance will first
have to be known. When a negative resistance is induced at the input or output of an active device,
the magnitude of input or output reflection coefficients are mathematically greater than 1. That is,
|Tin|>1 or so is | Tout| >1. Therefore, in order to know the stability region, the problem reduces to
finding:

1) A region of T'. which gives | Tin| <1 and

2) A region of T's which gives | Tout | <1
Condition 1) limits the range of load selection which is why it is called load stability circle and
Condition 2) limits the range of source selection and is thus called source stability circle. After



determining the locus of the boundary region (|Fin |=1and | Tou| =1), the locus divides a region of
I's into two regions. Once a stability region is found between these two regions, the remaining

area becomes automatically unstable; that is aregion giving rise to negative input or output
resistances. From Fig. 8.14, the input reflection coefficient is
S12SallL Su—DI
[ =Sp+oe b -2 =L (8.38)
1_822FL 1_SZZFL

where D=S1152-52151»
When a negative resistance does not appear in Ty, this results in a region of | Tin | <1, however
in order to find the I'L which gives the locus of the circle of the boundary line [Tl =1, equation

(3.38) is expressed in terms of I't, giving:
(8.39)

Multiplying both sides of the equation by |S,2/D| and arranging, the following expression is

obtained.
roS
D |_|S2|. (8.40)
r-L Pl
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Figure 8.14 Load stability
Simplifying each term of equation (8.40),
I'i-A B
n—_B‘ - . (8.41)

where A and B represent two points on the I'. plane and are expressed as follows:
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From (8.41), m represents the ratio of the distances from an arbitrary point in the T'. plane to two
points A and B. This locus is well known to be a circle as shown in Fig. 8.15. The internal (I) and
external (E) division points with the division ratio m:1 can be obtained from two points A and B.
The center of the circle becomes their mid-point between | and E. The half of the distance between
points | and E becomes the radius of the circle.

Im(T;)

r

Figure 8.15 Locus of | 'in| =1 in the I'. plane

The internal and external division points are thus determined as:

_mB+A
m+1

The center of the circle C. and radius r_ are then determined from the internal and external division
points as

_1+E_m’B-A
2 m? -1

CL ) (8.42&)



(8.42b)

Substituting A, B and m into the above equations, the center of the circle C. and radius r. inthe I'L
plane are given by:

_ S —D"Sy

L= m , (8.43a)
2| —
Sual
r|_ = W . (8-43b)
2| —

Load stability circles drawn using the described results are as shown in Fig. 8.16. In order
to determine the region of stability between the two regions divided by the load stability circle,
setting I't=0 results in the input reflection coefficient T'i»=S11. Therefore, |Su|<1 implies [T | <1
for T'.=0; the stable region becomes the region inside the unit Smith chart circle including the origin
as shown in Fig. 8.16(a). On the other hand, since | Tin|>1 for | Su|>1 when T =0, the region that
includes the origin becomes unstable.

|rsn| =1 |1"m| =1

m(T;) k|l". =1 Im(T)  |0,|<1
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Figure 8.16 Stable region in the I'L plane: (a) when | Si1|<1 (b) when | S11|>1

Similarly, in order to determine the region of the source reflection coefficient giving a stable
output reflection coefficient, the output reflection coefficient 'y in Fig. 8.17 is expressed as

S12Sx1 S —DI's

= (8.44)
1— Sllfs 1— Sllrs

1_‘out = S22 +



If Tou is set to | Tou|=1 and the source stability circles are obtained, since the result will be the
same as interchanging the subscriptl and?2 in equation (8.38), thesubscriptl and 2 in
equation (8.43) are interchanged for the source stability circles. Therefore, the center Cs and radius
rs of the circle giving | Tout| =1 in the s plane are giving by:

- @ (8.45a)
[Sul -|Df
_ % , (8.45b)
[Su —|D|
Transistor
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Figure 8.17 Source stability

The stability circles drawn with this center and radius are shown in Fig. 8.18 and, for the same
reason as in the case of the load stability circle, when |322 | <1, the region inside unit Smith chart
including the origin represents the stability region as shown in Fig. 8.18(a). Similarly, when
| S22 | >1, the region including the origin becomes the unstable region.
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Figure 8.18 Stable region in the T's plane: (a) when | Sz2|<1 (b) when | Sz2|>1

8.2.2 Stability Factor

As can be seen from Figs. 8.16 (a) and 8.18 (a), when equations (8.46) and (8.47) are satisfied, the
circles appear as shown in Fig. 8.18 and the region of the Smith chart where I's and I'L are less
than 1 are always the region of stability. Therefore equations (8.46) and (8.47) are the necessary and
sufficient conditions for stability.

C|_ —-In >1 for Sll <1, (846)
|Ccf-r| Syl

HC5|—|’5‘>1 for |822|<1. (847)
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Figure 8.19 Unconditional stability: (a) 'L plane, (b) I's plane

Substituting the obtained results of the center and radius into equation (8.46) defined above, we
obtain

S22 — DS1i| ~[S12S 1| 9 615
S ~[Df | |
which can also be expressed as:
. 2 2 212
|82 — DSii| ~[SwSaul| >|82[ ~[DF . (8.49)
Rearranging equation (8.49), we obtain,
2|312521H522 —-DSpi| < ‘522 - DS i +|312321|2 - |322|2 —|D|2 : (8.50)
Using the following identity in (8.51):
‘Szz -DS; * = |512321|2 +(1_|Sll|2)(|822|2 —|D|2) . (8.51)

Squaring each term of equation (8.50) and substituting equation (8.51) and then rearranging,
equation (8.52) is obtained.

(E=i —|D|2)2 B(l—|sn|2)—(|szz|2 —|D|2)}2 —4|slzsﬂ|2} >0, (852

Thus, the necessary condition for (8.52) is



1—|S;|_1|2 —|Szz|2 —|D|2 > 2|S;|_2821| . (853)

Dividing both sides of (8.53) by the right hand term yields the stability factor k, which is used to
examine the unconditional stability of 2-port circuit.

L5l ~[5af' |0
2|55

>1. (8.54)

The other condition can be considered as when the radius is large enough to include the Smith
chart; which is the condition r.—|C.|>1 in (8.46). Substituting the center and radius results into
this gives,

S22 —DS;; S12Sa1
e N o
This requires that the right-hand side be positive. Thus
M (8.56)
[Sz| ~[D|
From the stability factor,
Y - -

- |812821| |812821|

is obtained. However, since the second term of equation (8.57) is less than 1 (from equation (8.56)),
the first term must be greater than 1. Therefore,

1—|Sll|2 >|812821|, (858)

which is an additional condition that must be satisfied. Likewise, from the source stability circles,
the following condition is obtained.

:|-—|322|2 >|312321|- (8.59)

In conclusion, the necessary and sufficient conditions for stability of 2-ports circuit are:

k>1, (8.60a)



1—|311|2 > |312321|, (8.60Db)

1—|Szz|2 > |812821| . (860C)

These are the three conditions that must be simultaneously satisfied.

B Example 8.2

Use the 3 V 10 mA S-parameters of the FHX35LG/LP provided in ADS to determine the
stability factor k and the frequency dependent values of the following terms:

1-[Sul 1-[Sz[
S12Sx|  [S1Sa|

Draw the source and load stability circles at 1 GHz.
Solution

Set up the following circuit for the 2-port S-parameters of the ADS FHX35LG/LP device. Perform
the simulation and enter the following equations in the Display window to verify the results.

sp_fuj_FHX35LG_19920501

SNP1
Bias="Fet: Vds=3V lds=10mA"
Frequency="{0.10 - 18.00} GHz"
603 | SPARAVETERS
I—L S_Param
2 SP1
+ 1 Term + 1 Term Start=1.0 GHz
Term1 Term2 Stop=18.0 GHz
Num=1 L Num=2 Step=1.0 GHz
Z=50 Ohm - Z=50 Ohm
il il

Figure 8E.1 Circuit for determining the stability of FHX35LG/LP

[=elgl k=stab_fact(S)
=efg) S1=(1-(mag(S11))**2)/(mag(S512*S21))
=elgl L1=(1-(mag(S22))**2)/(mag(S12*S21))

Figure 8E.2 Equations inserted in the Display window



As shown in Fig. 8E.3, because S1 and L are observed to be greater than k, (since the two terms
are mostly greater than 1 when k is greater than 1), the stability factor k is critical to determining the
stability. This is generally true. In addition, as can be seen from the figure, above the 12
GHz frequency, k>1 and it is thus stable; it is however that it becomes unstable at frequencies
lower than this.

As can be verified from the results, as k<1 at the current frequency of 1 GHz, this is found to
be the unstable frequency range. In order to find the stable region, the following equations
are added in the Display window to plot the load and source stability circles at a frequency of 1
GHz
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Figure 8E.3 Simulation Results

=l Source_Stability Circle=s_stab_circle(S[0], 51)
=6[gl Load_Stability Circle=I_stab_circle(S[0],51)

Figure 8E.4 Equation for drawing the stability circles

The function s_stab_circle (S[0], 51) above is the function for drawing the source stability circle
given by equation (8.45). S-parameter index for frequency is set to [0] for the selection of S-
parameters at a frequency of 1 GHz. The number 51 at the end represents the number of points used
in plotting the circle. Similarly, I_stab_circle (S[0],51) isa function for load stability circle. The
circles plotted on Smith chart using these functions are as shown in Fig. 8E.5. It can be seen that,
since |S11 |<1 and |322|<1, the region including the origin of the Smith chart is the region of
stability.
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Figure 8E.5 Source and load stability circles

8.2.3 Conjugate Matching

Figure 8.20 shows input and output conjugate matching, the objective of which is to
obtain maximum gain from the active device. In other words, by conjugate matching the input,
maximum power is transferred from the source to the input of the active device. Simultaneously
conjugate matching the output ensures that the maximum power that is amplified by the active
device is transferred to the load. Therefore, maximum gain is obtained when the input and output
are conjugate matched as follows.

SN .
[in =S+ 2L =%, (8.61a)
1-S,I0
r .
rout = 822 +% = FL . (8-61b)
1-Sul

The following is obtained by rearranging the above equations.

(1_F|_822)<S]_1_F:)+FL812821 =0 (862&)

(1-TSu)(S2 —T1 )+ sS85 =0 (8.62b)
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Figure 8.20 Conjugate matching conditions

To solve the simultaneous equations, T, is expressed in terms of I's (from equation (8.61)) and vice
versa; which yields:

I's—

L= Su , (8.63a)
[:S,-D
I;-S

s=————2 (8.63b)
FLSH - D

Substituting equation (8.63a) into equation (8.62a) and rearranging results in the quadratic equation
in ['s (8.64).

FE—FSE+C—1=0, (8.64)
C. G
where
C, =S -DS5, (8.65)
B, =1-|S| +|Sul —|D[. (8.66)

The solution to this quadratic equation is obtained as:

Ty = ——+=
“Toc, T2

C

C |G| 21Ci| |2cy

2 * * 2
5,1 (Blj 4SS BB (8.67)

Here, B1/(2 | Ci | ) is a real number and expressed as follows,



B _1+[suf ~[Saf -[Df _, .
2| 2[S11 - S5D)| ’ '

Also, Bi/(2|Cy1|) is greater than 1 when k>1. To prove this, the denominator is expressed as
follows:

[Si1-S2D =SS +(1-[S2[")(|Sul* - |D[). (8.69)
Squaring right hand side of equation (8.68) and substituting equation (8.69) gives
(1+[8uf* (S22l —|D|2)2 > 4[SuSu[* +4(1-[S= [ )(|Sul - D[ ), (8.70)
This can be simplified into,
[ (2-18af )+ (I8 —|D|2)T ~4(1-[2f') |8l ~[D[ ) > 4[8:28 (8.71)
Making use of the identity (a+b)?-4ab=(a—b)? and rearranging the above equation, yields,
(1-[$uf* ~IS2f +IDF ) > 4[SuSuf (8.72)

Thus, B1/(2 [ |) is greater than 1 when k>1.

This implies that when the transistor is stable, i.e., k>1, conjugate matching is always possible.
However, the root of equation (8.67) must be chosen such that ITs|<1. Since the magnitude of
(C)/ | C1 | outside the bracket [ ] in equation (8.67) is 1, the terms in the bracket [ ] must therefore
be less than 1. The terms in the bracket [ ] can be considered in the form x—«/x?> —1and x++/x* 1.
The term x++/x* -1 becomes greater than 1 for x>1, and I'sv cannot be implemented using passive
device. Also matching becomes impossible. Therefore, the applicable solution to equation
(8.67) that must be selected is the difference term which is expressed as in (8.73).

C:| B Bf
'm=—|—-[—>-1]. 8.73
M |C1| 2|C1| |2C1|2 ( )

The solution for the output reflection coefficient is also determined using the same approach as
above and is given as:

G| B B
I'm=—|—"-|—>--1/, 8.74
. |C2|[2|C2| |2C2|2 ] ( )



where

C, =S - DSy, (8.75)
B, =1-|Su| +|S=| —|D[. (8.76)

When k<1, the magnitude of I'sw and I'um is 1 and the source and load impedances become pure
imaginary (i.e. inductor or capacitor) and real power is not delivered. That is, when k<1, conjugate
matching by equations (8.73) and (8.74) is not possible.

The maximum gain is obtained by substituting the transducer power gain into equations (8.73)
and (8.74), but this calculation is a fairly complicated process, and reference [1] can be consulted
for details. The gain thus obtained is known as the Maximum Available Gain (MAG), Gnax Which is
expressed as follows:

S21

12

MAG = Gmax =

(k _M). (8.77)

In the case of instability, k<1, meaningful gain can be derived up to the boundary of the stability
condition. Thus, substituting k=1 into equation (8.77), the maximum meaningful gain is derived
while maintaining stability. This is also known as Maximum Stable Gain (MSG) and is expressed as
follows:

SZl

SlZ

MSG = |22 (8.78)

B Example 8.3

Use the results of the previous simulationin Example 8.2 and plot MSG, MAG, and |Sz1 | 2
for FHX35LG/LP in the 1~20 GHz band. Find also the conjugate matching points at 12 GHz. .

Solution
Add the following equations in the Display window to obtain MSG and MAG.

MaxG=max_gain(S)
Figure 8E.6 Equation for MSG and MAG

The max_gain(S) function returns MSG for k<1 and returns MAG for k>1. Using the values
of k which depends on frequency, it is possible to know whether max_gain() represents MAG or
MSG. Thus, by simultaneously plotting k values together with the function, the obtained max_gain
values can be distinguished.
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Figure 8E.7 Graph of Max_gain and | S21 |2 with respect to frequency

As can be seen from the graph, above the 11.87 GHz, the max_gain plot represents MAG while it
represents MSG below this band.

Now we find the input and output conjugate matching points at a frequency of 12 GHz where
the active device is stable. ADS functions sm_gamma1(S) and sm_gamma2(S) are used to find the
conjugate matching points. The function sm_gamma1(S) gives the input conjugate matching
reflection coefficient as expressed in equation (8.73) while the function sm_gamma2(S) gives the
output conjugate matching reflection coefficient as expressed in equation (8.74). In addition, this
function gives 0 when k <1, and gives the correct results only when k >1. The function find_index is
added to find the corresponding index number to the frequency 12 GHz.

=]yl m=find_index(freq, 12G)
=6l g1=sm_gammal(S[m])
=6l g2=sm_gamma2(S[m])

Figure 8E.8 Equations for obtaining the conjugate matching points

Figure 8E.9 represents the results obtained using the equations.



m2

indep(m2)=0

g1=0.944/-168.524

) | Impedance = Z0 * (0.029 - j0.100)

m3
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Figure 8E.9 Conjugate matching points at 12 GHz

Therefore, the conjugate matching pointsat 12 GHz,as can be seenfromthe above
simulation results, are:

[a =-0.925— j0.188,

I''w =-0.919+ j0.011.

8.3 GAIN AND NOISE CIRCLES

In  general, when source and load reflection  coefficients are set by the conjugate
matching conditions described previously, maximum gain is obtained; however because other
performance mustalso be considered from design perspective, setting the conjugate
matching points can be difficult. When the conjugate matching points cannot be thus set, the gain
decreases. Two cases can be considered. That is, the case when the source impedance cannot be
selected as the conjugate matching impedance and the case when the load impedance cannot be
selected as the conjugate matching impedance. In this case, by considering the design aspects, when
the remaining ports meet the conjugate matching conditions, while conjugate matching is not
achieved for the selected source or load, it is often necessary to predict the subsequent decrease in
gain during the design. In this chapter, we shall examine constant gain circles as well as the circles
of reflection coefficient giving the same noise figure, which appeared previously in Chapter 4.

8.3.1 Gain Circles

The equation previously determined for power gain (8.34) can be expressed as follows:



|2

(LI ) s
1-[Su* +[T [ (|Sz2[ ~[D[ )~ 2Re(Car )

) (8.79)

where C; is defined as
C,=S,-DS;;. (8.80)

In addition, for ease of mathematical computation, a normalized gain parameter g, is defined as
follows,

[Saf

o (8.81)

The locus of T'L giving the same gain when g, is a constant will satisfy equation (8.79). Therefore
equation (8.79) can be rewritten as follows:

o)

gp = : (8.82)
1-[Suf’ + T[Sz ~|D[ ) -2Re(Cary)
With the following definitions,
2 2
D. =|Sz| —|D[", (8.83)
x 1+ 09,02 (8.84)
9p
equation (8.82) can be rewritten as follows:
X2|0|" —2X Re(Cal' ) +|Cy|” = X 2B, +|C (8.85)
Arranging this,
* 2 2 2
\er—C2 = X%~ XB, +|Cy| (8.86)
Rearranging equation (8.86), the following equation of a circle can be obtained.
2
G| X?-XB.+|C|
FL - 7 = X 2 . (887)




Therefore, the center and radius of the circle giving the same power gain as equation (8.87) are as
follows:

_C_;_ gp(Sé‘z - D*Sll)

— , (8.88)
X 1+g,(|S2[ -|Df)

1= 2K[S:2S| gy +(SuSul* 02

‘1+ 9 (|822|2 —|D|2) (8.89)

The circle thus obtained is called the power gain circle. In addition, I'L is changed to I's and the
subscript Land 2 are interchanged in equation (8.79) to obtain the following equation for the
available power gain:

(LI isaaf
A= )
1-[Saf" +[T[* (|Suf* ~|Df ) - 2Re(CiT)

(8.90)

C.=S1-DS5. (8.91)
Therefore, to obtain the locus of T's giving the same gain, the following normalized gain is defined.

Ga

A = 2
S|

9 (8.92)

Interchanging the subscripts 1 and 2 in equations (8.88) and (8.89) will yield the radius and center
for the available gain circle. Thus

c._ ga(srl—?*szz)z | (6.93)
1+ga(|811| -|D| )

L 2K[S:2S21| g +[SuSunf 03

‘1+ . (|811|2 _|D|2) (8.94)

The circles thus obtained are called the available gain circles which give the same available power
gain.

8.3.2 Noise Circles



The noise figure obtained in Chapter 4 in terms of the noise parameters depends only on the the

source reflection coefficient I's which is expressed as follows.
Fo-Tuf
|1+r5f(1—ugf)

F = Fm +4rn

(8.95)

To obtain the locus of T's givingthe same noise figure, a new noise figure is defined for

computational simplicity as

_F-Fy

N;
4r,

|1+1“m|2,

The noise figure equation can then be written as follows:

-1
N ==
1_|F5|

Expanding, this can be written as:
05 —Tn| =|Ts[" + || —2Re(Tslh ) = Ni = Ni ||,
which i rearranged as follows:
[T (14 N )+ [T —2Re(TsIh ) = N,

Multiplying both sides of (8.99) by (1+N;) results in the following:

I (24 N [0 =2(1+ Ni)Re(Tal7 ) = NZ + Ny (1= ).

Thus, the locus of I's giving the same N; is as given by the circle equation below:

o [ NN (2-Iraf*)

CL4N| (1+N; )’

I

Therefore, the radius and center of this circle are expressed as follows:

I'n

Cr = .
FTIEN,

(8.96)

(8.97)

(8.98)

(8.99)

(8.100)

(8.101)

(8.102a)



: ) _ 2
. \/N.2+N.(1 raf)

8.102b
1+ Ni ( )

B Example 8.4

Using the FHX35LG/LP, draw the noise circles and the available power gain circles at 12 GHz.
Solution

To calculate the noise parameters, open the S-parameter controller and check Calculate Noise and

then specify the Noise input/output port. Simulate and then enter the following equations in
Fig. 8E.11 in the Display window to draw the circles.

Scattering-Parameter Simulation: 6 @

S_Parzm Instancs Name

Fiequency | Parameters MNoise | Qutpu<|*

Nose inputpot 7
Moize outout part [5 7

MNoisz contributols
Mode | 0F :‘
Dynamiz range to dsplay B

Bendwidth [77p [Hz v

oK I Vépply I ACancell i Help J

Figure 8E.10 Setting the calculate noise of the S-parameter controller

=elg gal=ga_circle(S[m])
=]y nsl=ns_circle({0,1,2,3}+NFmin[m], NFmin[m], Sopt[m], Rn[m]/50, 51)

Figure 8E.11 Equations for drawing the locus of available power gain circle and noise circles.

The function ns_circle() is used for drawing the noise circles giving by equation (8.102) while
the function ga_circle() is used for drawing available power gain circles given by equations (8.93)
and (8.94). The function ga_circle() draws the available power gain circles lower than the conjugate
matched gain or MAG by {1,2,3} dB as the default. The circles plotted by equation in Fig. 8E.11 are
shown on the Smith chart. The maximum point of the available power gain circle in Fig. 8E.12 is
the conjugate matching point of the source reflection coefficient.



In addition, the variable of the function ns_circle(), {0,1,2,3}+NFwi, represents noise figure circles
{1,2,3} dB lower than the minimum noise figure; and the corresponding noise parameters
NFmin[m], Sopt[m] and Rn[m]/50 are required. It must be noted that the function ns_circle() uses the
normalized noise resistance by 50 ohm. The 51 represents the number of sample points used for
drawing the circle.

cir_pts (0.000 to 51.000)

Figure 8E.12 Noise and available power gain circles

8.4 SUMMARY

8.4.1 Summary of Gains

Transducer power gain Gr is the normal power gain which is used during amplifier measurement,
and is defined as the power delivered to the load from the available power of the source. In the case
of the measurement for a 50 ohm source and load, that is T's=I".=0, the transducer power gain
results in | Sz | %; this is the transducer power gain for 50 ohm.

The available power gain is the gain for the source reflection coefficient when the output is
matched. This represents the degradation in gain due to the fixed source reflection coefficient and is
used to evaluate the gain decrease during design. Similarly, the power gain is the gain for the
selected load when the input side is always conjugate matched, and represents the gain degradation
for selected load reflection coefficient.

Next, the maximum gain is achieved when both input and output of the active device are
conjugate matched. The maximum available power gain, MAG can be obtained if the device is
stable; and when it is unstable, the maximum stable gain, MSG can be obtained at the stability
boundary k=1. As this calculation is complex, intuitive evaluation of the result is also difficult and



so unilateral approximation is applied in which case the maximum unilateral gain is obtained. This
also shows the extent of the improvement on the transducer power gain|821|2, resulting from
conjugate matching. Also the passivity or activity of a device, which is whether a device can
amplify or not, can be found using the Mason's gain, which is the gain obtained after the removal
of feedback from output to input.

Table 8.1 Gain formulas given in terms of S-parameters

Gain Formula

Tranducer power gain in 50-ohm Gr =[S’

Tranducer power Gain ~ (1_|rL|2)|521|2 @-|Ts |2)

|(l— Sl )1 —Sull's) — S12Saul" s

|2

Power Gain o a-r)sa/

" p=Sur [ a-|raf)

Available power Gain Po  (@=Ts[)[Sal

PAi - |1—S11Fs |2 (l—ll"gu1|z)

Mason’s unilateral Gain |S21/ See _]42
U=
2k|321 / S12| —2Re(S21/ S12)

Maximum Unilateral Power Gain |321|2
GT max = o o o~ o
U (1-827)(1-Su)
Maximum Stable Gain G |52
ms Slz
Maximum Available Gain Gna = % (k-k?-1)
12

1-[Suf" -[S2[ —|Df

Stability Factor, k =
2|812821|

8.4.2 Summary of Circles

The center and radius derived previously for drawing circles in the Smith chart are summarized
in Table 8.2. The available power gain circles are the loci of the source reflection coefficient T's




yielding the same available gain decrease from MAG. Note that the load is assumed to be conjugate
matched to the output reflection coefficient given by I's. Conversely, the power gain circles are the
loci of the load reflection coefficient I'L giving the same gain decrease from MAG. In plotting the
circles, it is assumed that the source reflection coefficient is conjugate matched to the input
reflection coefficient given by T'.. This shows gain degradation for a selected load reflection
coefficient. Together with the available power gain circles, these are commonly used to evaluate
gain degradation from MAG for the selected load or source reflection coefficients during the
design. Noise circles are used to evaluate the consequent degradation of the noise figure when the
source reflection coefficient is not selected for the minimum noise figure; and they are commonly
used together with the available gain circles mentioned previously in low noise amplifier design.

The stability circles help us to know whether negative resistance appear at the input or output
for the selected load or source reflection coefficients and to know whether there is the possibility of
oscillation or not. Accordingly, we are able to know the region of stability where the
load or source reflection coefficients do not induce negative resistance at the input or
output. Source stability circles determine whether the selected source reflection coefficientis in
the region of stability or not while the load stability circles determine whether the selected
load reflection coefficient is in the region of stability or not.

Table 8.2 Formula of the various circles given in S-parameters

Circles Center Radius
ga(Sii — D"S2) \/1—2k|S S | S, g2
. . C.= 12921| Ja +| 12 21| Oa
Avalable Gain L+gu(saf =[PP " oS /o)
5 Gai Cp = 9o (S22 — ?*Sll)z B \/1—2k|312321| Op +|312321|2 g5
ower Gain 1+9,(|S=| —|D[") = ‘1+gp(|822|2_|D|2)
rl‘ﬂ 2 . — 2
Noise Mismatch Cr = 1+ N e = \/NI +(1N.(; )|Fm| )
+ Ni
Si-D'Sz |Si2Sa1]
Source Stability ST |Sn|2 —|D|2 = s |2 |D|2
11| —
c S» —D"Su |S12321|
. =TT — 7
Load Stability 122 | Df S —|D[
Gp

Normalized power gain, g, = —,
[S21

Normalized availale power gain, g, = ﬁ
SZl

Normalized noise figure, N; = F'4 P |1+1"m|2.
I




8.5 LOW NOISE AMPLIFIER DESIGN EXAMPLE

Low noise amplifier is an amplifier having a low noise figure, and usually located at the front-
end of a receiver. According to the Frii’s formula, the overall noise figure depends not only on the
noise figure of the front-end amplifier, but is also related to the noise figure of subsequent stages.
Thus, the overall noise figure depends on both the noise figure and gain of the low noise
amplifier. In this sense, the design of the low noise amplifier can be viewed as a trade-off design
between noise figure and gain. The design involves a process of appropriate active device
selection, the selection of optimal source and load impedances, matching circuit design, addition of
DC bias circuit, and investigation of stability. The selected active device is sometimes unstable at
the design frequency. In such case, stabilization is achieved through feedback or adding small losses
to the active device. Refer to [1] for details of this method. In addition, the last step of stability
check needs to be given considerable attention since there is often the possibility of oscillation in
the designed low noise amplifier at frequencies other than the design frequency. This
chapter explains low noise amplifier design using ADS based on the theories previously discussed.

8.5.1 Design Goal

This section is based on the theories previously discussed in this chapter. Since the goal is to learn
about simple low noise amplifier design, the design specifications shown in Table 8.3 were selected
for the low noise amplifier operating in X-band (8-12 GHz frequency band, say). The
appropriate active device must then be selected for the given design specifications. Firstly, an
active device with minimum noise figure, Fmin lower than the design goal noise figure at the design
frequency is selected; the maximum gain, MAG of the selected active device must be greater
than the desired gain. An appropriate active device satisfying the design goal may not be available.
In that case, the gain can be increased to meet the design goal by cascading a number of stages.
Therefore, it should be noted that the key parameter is the selection of the noise figure. ATF-36077,
the S-parameter of which is provided in ADS, is selected to meet the required 1 stage gain and
noise figure of the active device.

Table 8.3 Low noise amplifier design specification example

NO. Spec Item Value
1 Frequency Range 9.7~10.3GHz
2 DC Supply Voltage 3.3V
3 DC current Consumption <30 mA
4 Gain >10dB
5 Noise Figure <15dB

8.5.2 Active Device Model Investigation

The models used in the low noise amplifier design can be categorized as large-signal model and S-
parameter data model measured at the given DC voltage. The S-parameters generated using the
large-signal model of a packaged active device at a given DC voltage does not generally reflect the
measured S-parameters with the desired accuracy, due to the inaccuracy of the large signal model
caused by the complexity of the equivalent circuit including parasitic elements from the package



assembly. Although the large-signal model of a chip type active device has some degree of
accuracy, the large signal model of a packaged active device generally does not show sufficient
accuracy. Thus, the design is generally carried out using the measured S-parameter in the design of
a low noise amplifier using packaged device. These data-models are sometimes already available in
the ADS library, otherwise the user needs to construct the data model by directly entering the
given measurement results.

Figure 8.21 shows a small signal data-model of the ATF-36077 provided in ADS. This model
has S-parameter values for 0.5 GHz to 18 GHz at Vg4=1.5 V and 1¢=20 mA; no separate DC bias
circuit is required to operate this device and it can be simulated just from RF signal alone.

w
W]

sp_hp_ATF-36077_19921201

. SNP1
Bias="Fet: Vds=1.5V Id=10mA"
Frequency="{0.50 - 18.00} GHz"
Noise Frequency="{1.00 - 18.00} GHz"

Figure 8.21 Small-signal data model of the ATF-36077

To design using the large-signal model, DC voltage is applied and the S-parameters are extracted at
the applied DC voltage as previously described in chapter seven.

8.5.3 Stability

Figure 8.22is an S-parameter simulation circuitset up for investigating the stability
and maximum gain (MSG or MAG) as well as the minimum noise figure with respect to frequency
for the selected active device. This investigation can be accomplished in the Display window using
the built-in measurement expressions for the simulated S-parameters; however, this measurement
expression is also available in the Schematic window as shown in Fig. 8.22.
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The simulated results are shown in Fig. 8.23. As can be seen from the results, k is less than 1

below 10 GHz, and greater than
maximum gain can be calculated
than 1 and of MAG in whichk is ¢
measurement expression in ADS

1 above 10 GHz. As described in the previous section, the
using previously presented equations of MSG in which k is less
reater than 1. However this is done automatically when MaxGain
is used. It is worth noting in Fig. 8.23(b) that, NFmin is constant

at 0.3 dB below 6 GHz. Thisisnota simulation error;inthe author's opinion, the noise figure
below 0.3 dB could not be accurately measured which is considered to be due to the loss

of accuracy in the entered data.

Therefore, stabilization is necessary to have k greater than 1 at 10 GHz. Considering the design

goal of bandwidth, k should be gre

ater than 1 from 9.7 GHz for safer design.
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Figure 8.23 (a) k and (b) maximum gain and NFmin With respect to frequency

One way of improving the stability is shown in Fig. 8.24; an inductor L. is connected to the
source terminal of the active device. In this method, the inductor added to the source terminal is



used to vary the S-parameters which results in the change of the stability factor. Figure 8.24

is a circuit set up in which the inductance is varied from 0 to 0.3 nH at a fixed frequency of 10 GHz
to evaluate the variation in k.
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Figure 8.24 Schematic for evaluating the variation of k due to the series feedback inductor.

The results are shown in Fig. 8.25. From the results of Fig. 8.25(a), k has a maximum value of
1.031 at 10 GHz when L. is approximately 0.05 nH and stability is thus achieved. Therefore, L. is

set to 0.05 nH and k is plotted with respect to frequency as shown in Fig. 8.25(b), which shows k
greater than 1 at the desired frequency.
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Figure 8.25 (a) Stability factor with respect to the value of Le at 10 GHz and (b) the frequency response of k

for Le=0.05 nH.

The improvement in the k value that was achieved by the addition of L. satisfies k >1, however,
the bandwidth is narrow and the k value is too close to 1. There are several other ways to improve



the stability of the circuit beyond this value; addition of a load resistor is one of the methods
commonly used [1, p228]. The method of improving k by the addition of parallel resistors to the
output terminal is selected in this book. Figure 8.26 is a circuit in which a 35 ohm resistor (for
improving the value of k) is connected in series to a 100 nF capacitor which provides RF ground.
The microstrip lines represent  connecting conductor patterns  for mounting the chip resistor
and capacitor. This circuit is connected to the drain terminal of the transistor. The reason for this
connection is to minimize the impact on the noise factor of the circuit. In addition, this two-
port circuit is configured as a subcircuit. That is, by converting functional circuit parts into
subcircuits as shown in Fig. 8.26, complex schematics can be avoided during the design of complex
wired circuits; allowing the amplifier circuit to be represented in a simple schematic.
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Figure 8.26 Resistance circuit added for increasing k; Subcircuit (R_stab)

Parameter sweep is used to vary the value of the resistance from 0 to 50 ohm to investigate the
variation in k after the addition of the R_stab subcircuit to the circuit of Fig. 8.24. Figure 8.27(a)
shows the result for k. The stability factor is plotted for a range of 0-18 GHz frequency in Fig.
8.27(b) for the value of 35 ohm R_stab subcircuit. The decreased gain due to the resistance added
for stabilization is slightly compensated by modifying Le=0.04 nH. As a result of the addition of the
subcircuit, the stability factor is found to be greater than 1 for a wider frequency range.
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Figure 8.27 Frequency-dependent variation of k due to the added R_stab (a) the stability factor with respect to
resistance (at 10 GHz fixed frequency), (b) frequency-dependent variation of k when the resistance is 35 ohm.

8.5.4 Selection of Source and Load Impedances

In this section, we shall examine the variation of gain and noise factor with respect to the
source and load reflection coefficients; we shall also examine the selection of source and load
reflection coefficientsto match the design goals. Figure 8.28 is a circuitset up, in which
the feedback inductor L. and R_stab subcircuit are added to the active device to examine the
variation of the available power gainand the noise circles at 10 GHz with respect to the source
reflection coefficient. This can be carried out in the Display window; however, here we use the
measurement expressions in the Schematic window. In Fig. 8.28, three gain circles whose gain
reduces by 1 dB step from the maximum available gain (MAG) value; and three noise circles whose
noise figure increases by 0.2 dB step from the minimum noise figure NFmin value were selected to
illustrate the available gain and noise circles respectively.
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Figure 8.28 Circuit set up for measuring available power gain and noise circles

The available gain and noise circles for such simulation are as shown in Fig. 8.29.
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cir_pts (0.000 to 1000.000)

Figure 8.29 Available power gain and noise circles

Marker m1 represents the minimum value of the noise circle (0.47dB) while marker
m2 represents the maximum value of the available gain circles (15.38 dB). The gain



and noise figure performance thus differ depending on the choice of source reflection coefficient.
The source and load impedances must therefore be properly chosen in accordance with the design
goal. Considering the given specifications of 10 dBgainand 1.5 dB noise figure, the
source reflection coefficient I's was selected as marker m1 having minimum noise figure of 0.47 dB.
From the selection results of Fig. 8.29, noise figure of 0.5 dB and gain of 13 dB or more can
be expected.

The source reflection coefficient thus selected is I's=sm1=0.609.133.725°; for which the
corresponding conjugate matching load reflection coefficient is given by:

S12 SZlFs

- llFS

I' = (87_2 + j =0.548/-159.05,

which when converted to impedance are given by the following source and load impedances:

Zsouree =(Zin) =50*(0.285+ j0.398)

Zioad =(Zout ) =50*(0.301- j0.169).

The circuit of Fig. 8.30 is set up to confirm the obtained results by measuring the gain and noise
figure at the design frequency. It must be noted that, since the source and load port impedances
have the impedance values obtained in the above result, by using these impedances, it can be
determined whether the expected gain and noise figure could be achieved.
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Figure 8.30 Schematic for confirming the source and load impedances

The result of Fig. 8.31 is obtained from the simulation of the above circuit. As expected, the
gain is found to be more than 13 dB and the noise figure below 1.5 dB in the desired frequency
band. Therefore, this set of source and load impedances is found to be the appropriate choice for the
desired low noise amplifier.
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Figure 8.31 Gain and noise figure results for the selected source and load impedances

8.5.5 Matching Circuit Design

The desired gain and noise figure that can be obtained when the previously selected source and load
impedances are connected to the active device has been confirmed. However, actual sources and
loads are typically 50 Q, and matching circuits are needed to convert the 50 Q source and load
impedances to the previously selected impedances required by the low noise amplifier. These
matching circuits can be designed using the theories previously explained in chapter six, for this
purpose however, optimization technique available in ADS will be used for the matching. In
addition, transmission lines and distributed circuits are generally required at a frequency of 10 GHz;
and when microstrip line are used, the matching is limited by discontinuity effects making it
difficult to determine whether the matching actually works or not. Therefore, in this chapter we first
use lumped-elements to design the matching circuit and then determine the matching circuit with
the obtained results using transmission lines.

8.5.5.1 Lumped Element Matching Circuits

Matching at 10 GHz using Optimization technique in ADS is shown in Fig. 8.32. It must be noted
that, the impedance of port 1 is 50 ohm while that of port 2 is the complex conjugate of the
previously determined source impedance. Therefore, if the matching is to be achieved for maximum
power transfer under this condition, since the impedance looking into port 1 from port 2 must be the
complex conjugate of port 2 impedance, the impedance of port 2 must be the desired source
impedance. Therefore, the 50 ohm port and matching circuit are implemented with the desired
source impedance value.
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Figure 8.32 Lumped elements input matching circuit set up

Under this condition, the goal is to change the values of C and L until maximum power is
delivered, which is to set the magnitude of S» to 1. After simulation, the magnitude of Sy is found
to be closest to 1 when C is 0.510 pF and L is 0.671 nH.

Figure 8.33 is the S-Parameter Simulation results on a polar plot, after the optimization result of
the circuit in Fig. 8.32 is updated in the variables. It can be seen that the magnitude of Sy is 1 while
those of S11 and Sz, are 0 indicating impedance matching. As the circuit is matched, maximum
power is transferred and as such, |Sa |2=1. Since this is a lossless matching circuit,
|811 | 24 | Sn | 2=1, from which it can be inferred that S;1=0. In addition, as this is a passive circuit
S21= S12, and invoking the lossless condition, it can also be seen that S»,=0.
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Figure 8.33 Simulation results of the input matching circuit (frequency 10 GHz)

The output matching circuit at 10 GHz (using the same method) is set up as shown in Fig. 8.34
and the obtained results after optimization are 0.478 pF for C and 0.231 nH for L. To determine
whether matching has been achieved, the simulation result is shown in polar plot in Fig. 8.35. From
this result, the magnitude of Sz is 1 while those of Si1 and Sz, are 0, indicating impedance matching.
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Figure 8.34 Schematic for output matching circuit simulation
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Figure 8.35 Results of the output matching circuits (frequency 10 GHz)

Figure 8.36 is the low noise amplifier circuit configured with the active device and the input
and output matching circuits as well as Rstap for stability improvement, all configured as subcircuits.
The feedback inductor L. is also included.
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Figure 8.37 Simulation results of the low noise amplifier including matching circuits

8.5.5.2 Transmission Line Matching Circuits

Difficulties in implementation can arise when the lumped-element matching circuit discussed in the
previous section is used at high frequency. On the other hand, matching circuit employing
transmission lines is easy to implement at high frequency, and in this case, the above design result
can easily be obtained by replacing the lumped-elements with transmission line design. In this

section, we shall examine matching circuit design using transmission lines.



Figure 8.38 shows the transmission line circuit that can replace the designed lumped circuit.
Looking at the relationship between the two circuits, the transmission line with characteristic
impedance R: and length & plays the role of L as per equation (8.103a), while the two parallel-
connected open transmission lines having characteristic impedance R, and length & play the role of
C as per equation (8.103b). It is worth noting that, because the variables of equation (8.103a) are
width and length, there are two degrees of freedom in implementing the value of the inductor. The
narrower the width, the closer it can be implemented as an inductor, and since the terminals of the
inductor are sufficiently wider than that of the packaged active device, there should be no problem
in soldering the active device. In addition, the 2 degrees of freedom is also true for equation
(8.103b), and the wider the width the better capacitor it is. However, as increasing the width
shortens the length, the implemented transmission line circuit appears as two connected
transmission lines with step-discontinuity rather than cross-junction connection. To avoid this, the
lengths of the transmission lines connected at the cross-junction are made greater than their widths.

X;=Rtan (&)~ ol (8.103a)

R 1
Xp=——n—— (8.103b)
2tan(6,) «C

Cross
junction

\ L0k

/S O
R, — R 0. R, R R

Figure 8.38 Conversion of lumped-element matching circuit to transmission line matching circuit

Since the transmission line connected to the load R, has the same value of characteristic
impedance as the load, the matching circuit has no function when viewed from the load side.
However, when an external circuit is connected directly to the matching circuit, the field of the
cross-junction shown in Fig. 8.38 may be affected, especially when a coaxial connector is directly
connected to the matching circuit. Therefore, the length must be sufficiently long to sufficiently
attenuate the higher-order modes arising in the cross-junction.

Figure 8.39 is a schematic for obtaining the input matching circuit constructed from microstrip.
As previously explained, the setting of the width and length of the microstrip line provides two
degrees of freedom. Of these two, the width is fixed as previously described. The matching circuit
is configured by simply changing the length. The width of the transmission line from which the
capacitor is implemented is set slightly bigger than the width of a 50 ohm line as W_C=1.0 mm;
while the width of the transmission line from which the inductor is implemented is set slightly



smaller than the width of a 50 ohm line as W_L=0.5 mm. With the widths thus fixed, the length of
the two transmission lines, I_L and I_C are adjusted in a way similar to the lumped-element
matching circuit until maximum power is delivered (i.e., until Sy is approximatelyl). Figure 8.40
below is a schematic to determine the input matching circuit composed of transmission line through
optimization simulation. The result of this simulation is also shown in Fig. 8.40 together with the
schematic; and as can be seen from the results, Si; and Sz, are 0, which indicates impedance
matching. Thus, the transmission line matching circuit with these set values can be used in place of
the input matching circuit.



Figure 8.39 Input matching circuit employing transmission lines
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Figure 8.40 Simulation results of transmission line input matching circuit (frequency 10 GHz)



Similarly, for the output matching circuit too, the circuit is set up as shown in Fig. 8.41; and the
length of the transmission lines I_L and I_C were optimized for maximum power transfer. The
impedance of port 1 is the complex conjugate of the load impedance while port 2 is terminated in 50
ohm.
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Figure 8.42 Simulation results of transmission line output matching circuit (frequency 10 GHz)



The simulation results shown in Fig. 8.42 are obtained from the circuit of Fig. 8.41. From the
results, Sy is approximately 1 while Si1 and Sz, are approximately 0 indicating proper matching.
Thus, the transmission line matching circuit with these set values can be used in place of the output
matching circuit.

Figure 8.43 is the simulation results obtained after configuring the input and output
transmission line matching circuits as subcircuits replacing the lumped element matching circuits. It
can be seen that the expected value of 13.820 dB gain and 0.475 dB noise figure have been
achieved. The similarity of this result with the result using the lumped-element matching circuit can
also be noticed.
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Figure 8.43 Simulation results of the low noise amplifier employing transmission line matching circuits

8.5.6 Addition of DC Supply Circuit

In order to operate the designed low noise amplifier, an appropriate DC voltage must be applied to
the active device, and such a DC supply circuit must have as minimal effect on the designed RF
matching circuit as possible. In case of any effect, the matching circuit will have to be reconfigured,
taking this effect into consideration. In this section, we shall find out about matching circuit design
that includes DC supply.

DC block and RFC are usually required to achieve this. It is usually difficult to use chip
capacitors as DC block in the current design frequency band due to the parasitic inductance
mentioned in Chapter 2. Therefore, the coupled transmission lines shown in Fig. 8.44 are usually
used as DC block. However in general, because the coupling of such coupled transmission lines
must be close to 1 for a DC block, the spacing between the lines must be very narrow. Therefore,
difficult fabrication processes are sometimes required for this DC blocks.
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Figure 8.44 DC block using coupled transmission lines

The coupled lines are set up by calculating the S-parameter of the coupled transmission lines
shown in Fig. 8.44 with the magnitude of Sz being driven to as close to 1 as possible at the center
frequency; while the bandwidth is made sufficiently greater than the design bandwidth. The
dimensions such as length, width, and spacing are set to satisfy the previous conditions. Note that
the results of the matching circuit previously designed can sometimes significantly change due to
the DC block and the calculated bandwidth which depends on the frequency characteristics of DC
block generally becomes narrower. Since the redesigning of the matching circuit due to the
inclusion of the DC block in Fig. 8.44 is similar to the technique of matching circuit redesigning
process in the next section, its discussion here will be avoided.

Recently, due to the greatly improved performance of chip capacitors, their use as DC block has
become possible and have become widely commercialized [3], [4]. The advantage of the chip DC
block capacitor is that it generally does not cause any significant changes to the designed matching
circuit compared with the coupled line DC block in Fig. 8.44. In this chapter, we will illustrate a
redesigning process of the matching circuit including such DC block capacitor. ATC's 1pF DC
block [3] was used in this design and the characteristics of the DC block, which is provided by the
manufacturer, is as shown in Fig. 8.45. It can be seen from Fig. 8.45 that, this capacitor operates
well as DC block from 5 GHz to 26.5 GHz.
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Figure 8.45 The frequency characteristics of 1 pF DC block provided by the manufacturer

As the manufacturer provides the S-parameters of the DC block capacitor in the form of s2p,
the device can be configured using the S2P data item of ADS. This is shown in Fig. 8.46. The
obtained simulation result is as shown in Fig. 8.45. It must be noted that, broadband characteristics
can be obtained in contrast to normal chip capacitor. Refer to the datasheet for more details on its
frequency characteristics.
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Figure 8.46 DC block capacitor circuit set up

With such a DC block configured as Data item, the matching circuit is reconstructed using an
RFC consisting of a quarter wavelength transmission line (see Chapter3) as shown in Fig. 8.47 and



the DC voltage of the gate is applied at the connection point of the MRSTUB stub1. The transmission
line length I_C and I_L are selected as the optimizing parameters of the matching circuit, as in the
case of the previous optimization process.

This is because, the radial open stub and DC block capacitor have effects on the designed
matching circuit even though not significant. Thus, it is necessary to carry out new optimization
with the DC supply circuit included. Three goals are selected in contrast with the previous
optimization. The reason for which is to prevent the possible occurrence of various undesired
solutions during optimization.

The other variables mentioned above (the line width and length of the RF choke, etc) are set
constant and the simulation is carried out. The simulation results is as shown in Fig. 8.48, where as
in the previous case, Si1 and Sz, are both 0 while Sz is 1, indicating successful matching.
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Figure 8.47 Input matching circuit including the DC supply circuit

Figure 8.48 Simulation results for the input matching circuit including DC supply circuit
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The circuit for optimizing the output matching circuits is set up in the same way as shown in
Fig. 8.49. In Fig. 8.49, the drain DC voltage is supplied through a radial open stub as in the input
matching circuit. Also the DC block was set up using the data item. The simulation results is as
shown in Fig. 8.50; similar to the input matching circuit, Si1 and Sz are both 0 while Sz is 1,
indicating successful matching.
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Figure 8.49 Output matching circuit including the DC supply circuit
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Figure 8.51 Simulation results for the low noise amplifier including DC supply circuit

Figure 8.51 is the simulation result of the low noise amplifier with the input and output
matching circuits including DC supply circuit obtained above, configured as a subcircuit for
investigating whether the DC supply circuit including the matching circuit is operating correctly.
The gain at the desired frequency band is 13.7 dB, which is about 0.1dB less than the result of the
low noise amplifier composed only of the matching circuit, while the noise figure is 0.5 dB
increasing by approximately 0.2 dB. This is believed to be due to the loss in the DC block capacitor.



8.5.7 Stability Check

The stability of the designed low noise amplifier should be checked at low frequencies at the final
stage of the design. To investigate the stability, the matching network impedances I's and T'.
looking into the source and load from the transistor is plotted on the Smith chart together with the
frequency-dependent source and load stability circles. It can then be determined whether I's and T',
for each frequency lie in the stable region. Alternatively, new S-parameters are defined for the
entire low noise amplifier circuit, and then its frequency-dependent stability can be investigated. In
this case, the source and load stability circles are defined by the newly defined S-parameters in
which case the source and load impedances I's and I'c become the port impedances resulting in
I's=I'.=0. Therefore, since the change of source and load impedances with frequency needs not to
be considered, then the investigation is by determining whether the origin of the Smith chart is in
the stable region at each frequency.

In the latter method, since the source and load stability locus is I's=I'.=0, the origin on the
Smith chart, determining whether the origin is in the stable region or not is much easier compared to
the former method of checking the stability at the plane of the active device. In addition, repeatedly
determining whether it is stable or unstable at each frequency is visually much easier in the latter
method.

Other problems include making sure that T'i, and I'oie for the selected I's and I'L do not become
negative resistances. Therefore, | Tin| <1 and | Tout| <1 must be satisfied for the selected I's and T'.
In this case, for the newly defined S-parameters of the amplifier, T'in=Sz and T'ou=Sz2 and so
|S111<1 and | Sz | <1 must also be satisfied. Therefore, investigation of low-frequency stability as
per the S-parameters defined for the amplifier is:

1) To investigate the frequency range in which the origin is unstable

2) To investigate the frequency range in which |Si|>1 and |Sx|>1, in which case the
matching circuit has to be re-adjusted until these undesired conditions disappear.

Figure 8.52 is the designed low noise amplifier circuit with the matching circuit. We now
investigate the frequency-dependent stability behavior of the matching circuit.
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Figure 8.52 Circuit set up for investigating low frequency stability

The circuit of Fig. 8.52 is set up to investigate stability at frequencies other than the design
frequency. After S-parameters simulation, the stability circle function is defined in the Display
window and the frequency-dependent input and output stability circles can be plotted as shown in
Fig. 8.53. In addition, the stable region can be known by using the ADS stability region
investigation function (see Example 8.2). These results are shown in Figs. 8.53(a) and (b). Also, the
input and output reflection coefficients Ty and Toyt become Si1 and Sy, respectively since the input

and output are both terminated in 50 ohm load; which is also shown in Fig. 8.53.

In Fig. 8.53(a), the stable regions are outside except at the 1 GHz frequency. On the other hand,
it can be seen that, instability occurs at 1 GHz. Also, in Fig. 8.53(b) all the frequencies are stable,
but since the reflection coefficient Si1 seen from the input of the transistor is larger than 1,

instability occurs.
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Figure 8.53 Results of low-frequency stability investigation

From these results, as the magnitude of the output reflection coefficient Si1 is greater than 1 at 1
GHz, it can be seen that a negative resistance appears at the output. The reason for the appearance
of this negative resistance at low frequencies could be attributed to the DC block inserted in the DC
supply of the input matching circuit in Fig. 8.52, which becomes open at low frequency. Therefore
in order to remove this effect, the input as well as the matching circuit is made to appear as close to
50 ohm as possible at low-frequency which solves the problem. Considering that, the gate of the
FET draws no DC current; a resistor of 50 ohms inserted in series with the DC supply circuit will
have no effect on the DC voltage. On the other hand, as the drain draws a considerable current,
inserting a resistor could change the operating point. Therefore, a 50 ohm series resistor is inserted
in the input as shown in Fig. 8.54. Note that, the DC is supplied through the capacitor Ci.

This method seems somewhat a trial and error approach and yet, it is a commonly used method.
Usually, the S-parameters of most active devices are measured using 50 ohm measurement
reference impedances and the devices are stable in most cases. Also the Si; or Sy, of active devices
is usually less than 1 for most cases. Therefore, for any frequency at which the active device is
unstable, making the impedance seen from the active device into the source or load close to 50 ohm
at that frequency will make the active device as stable as when it was measured. In this sense, the
impedance seen from the active device is made close to 50 ohm at low frequencies. Most stabilizing
circuits can essentially be seen to be the application of this concept. It is worth noting that, the
insertion of these resistors can affect the DC voltage or the flow of current, and this must be
prevented when inserting the resistors.

The newly defined S-parameters of the amplifier is simulated using the input matching circuit
thus modified as shown in Fig. 8.54; with the same circuit used for the output matching circuit.
These results are shown in Fig. 8.55. As can be seen from Fig. 8.55, the stability circles at all
frequencies are located outside the unit circle and the region in the unit circle is found to be the
stable region. In addition, both input and output reflection coefficient S1: and Sy, can also be seen to
lie in the unit circle.
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Figure 8.54 Solutions of low frequency source stability problem using a resistor

In conclusion, low-frequency instability, as mentioned earlier, is solved by inserting a resistor
in the DC supply circuit, which must carefully be done in order not to affect the circuit at the design
frequency. In this way, the instability at low frequencies can mostly be eliminated. At the same
time, care must be taken so that the DC voltage or current flow is not affected.
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8.5.8 Fabrication and Measurements

A layout of the previously designed low noise amplifier is required in order to fabricate the
amplifier. It is necessary to perform EM simulation before the layout is carried out in order to
reduce trial and error. Firstly, the task of implementing the feedback inductor pattern at the design
frequency, which is connected to the actual source terminal, is required and so is its confirmation.
Next, the matching circuit pattern needs to be confirmed through momentum simulation.

8.5.8.1 Feedback Inductor Design

So far the simulation was carried out considering the source inductor as only an ideal lumped
component. It is necessary to convert this to a distributed circuit using transmission line circuits. A
careful consideration is required for the selected inductance which is designed using transmission
line via, as it is an important element that determines the overall stability of the circuit. Its
characteristic is that, it should be a short to DC and an inductor to RF. When these circuits are
implemented using transmission lines, it is preferable to short it through a via at the end of the
transmission line. Since a via has self-inductance, it is especially important to verify the via through
momentum EM simulation in order to determine it more precisely. The via compliant to
manufacturing standard is shown in Fig. 8.56. The determination of the standard depends on the
capability of the manufacturers.

VIA

V1

D1=0.2 mm
D2=0.2 mm
H=10 mil
T=17 um

Figure 8.56 via used in the design

The inductor circuit in Fig. 8.57 is set up in the Schematic window using vias and transmission
lines. The ATF-36077 transistor is configured with two source terminals, and in order to apply the
inductor design simultaneously at two places using a via, the designed inductor using transmission
lines and via must have 2 times the value of a single inductor which is 0.08 nH.
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Figure 8.57 Inductance circuit implement using transmission lines and via

In Fig. 8.57, the inductor on the right is for the representation of the simulation result of the
designed inductor value on the Smith chart, which enables comparison with the results of the
simulation on the left. The value of the implemented inductor on the left is obtained by varying the
length of the transmission line TL1. The value of the length of transmission line thus obtained is
shown in Fig. 8.57. The number of vias being 4 is, one of the via has inductance in excess of 0.08
nH, which makes it possible to adjust the inductance through the transmission line by reducing the
via dependent inductance. With the simulation result of Fig. 8.57, the circuit with the desired
inductance could be configured and the length of the transmission lines could also be used as the
pad of the source terminal.

The auto-layout feature of ADS is used to automatically generate the layout of the designed
circuit to be verified using momentum. The Layer settings can easily be configured in the Layout
window by importing the MSUB information in the Schematic window. Figure 8.58 is the result of
the layout of Fig. 8.57.
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Figure 8.59 Comparison of inductance results obtained from circuit and momentum simulation

A slight difference between the Momentum simulation result and the circuit simulation
results can be noticed, this is due to an increase in the electrical length caused by parasitic elements
at the design frequency of 10 GHz which extends the inductance beyond the set value. Considering
this, the inductor value can be corrected to 0.08 nH by adjusting the length of the transmission
line to be shorter than that in the layout.

Figure 8.59 shows the comparison results of the inductance and circuit simulation after the
length adjustment. It can be seen that, the inductance value of the lumped circuit, distributed circuit,
and momentum results show good agreement.

8.5.8.2 Modification of the Matching Circuits

The transmission lines and the PCB used in the actual fabrication have inherent losses in the
dielectric of the substrate material as well as conductor losses coming from the surface and
thickness of the conductor. These are losses not considered in the characteristics of the



previously designed low noise amplifier circuit. These loss factors are considered in
ADS simulation and after confirming the results, some slight modifications may be necessary.
Loss consideration is particularly necessary due to the deterioration of the noise figure in the
implementation of the low noise amplifier arising from losses at the front end of the active device.
Firstly, it is possible to include losses through the settings of MSUB from the circuit simulation of
the ADS Schematic window. Items to consider in MSUB and their corresponding values are
summarized in Table 8.4. The entered values here are for Rogers' UL2000; the reader may refer to
[5] for the corresponding product data.

Table 8.4 PCB substrate information

NO. Item MSUB_menu Value
1 Conductor thickness T 17 um
2 Conductivity Cond 5.8x10” S/m (Copper)
3 Loss tangent TanD 0.0022

After considering these losses, the matching circuits are again  re-designed to optimize their
values. The detailed circuit configuration is the same as the previously designed structure; only the
length of a part of the matching circuit needs to be slightly modified. The substrate in this
condition is still not quite accurate when considered as a circuit. Therefore, in order
to investigate the matching circuit using momentum, the layout is configured with the additional
elements connected to the DC blocks and RFC all removed. The reason for removing these
elements is that, their effect cannotbe considered in momentum and the effect
of DC supply circuit connected after the RFC is also small at the design frequency. The layout of
the input and output matching circuits are generated using Auto-Layout and EM simulation is then
performed using Momentum. Figure 8.60 shows the layout of  the considered
input matching circuit. Due to unknown effects which cannot be considered in circuit simulation,
the result of the momentum EM simulation is slightly different from the results obtained from
circuit simulation.

QOpen Stub
for;/Capacitor

Port 1
50 ohm

Figure 8.60 Layout configuration for the momentum simulation of the input matching circuit without DC block




Figure 8.61(a) shows the comparison of the two impedances seen from the input of the device;
one for the circuit simulation results and the other for the momentum simulation results of the input
matching network. Figure 8.61(b) shows the two results of the output matching circuit.
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Figure 8.61 Circuit simulation results compared with momentum for (a) input and (b) output matching circuit at
10 GHz frequency

The difference arises largely from replacing the Ilumped element capacitor in
the matching circuit with the open stub. Thus, the desired impedance can be obtained by shortening
the length of the stub. Reducing the length of the open-stub for the input matching circuit by 0.15
mm on both sides of the open stub; and for the output matching circuit, by 0.1 mm, yield the values
of the impedances obtained from circuit simulations. Figure 8.62 shows the comparison results for
the input and output matching network after the adjustments in the lengths.
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Figure 8.62 Compared results for (a) input and (b) output matching circuit at 10 GHz after length adjustments.



It is necessary to perform simulations using the EM simulation results to verify whether the
obtained momentum results give the desired characteristics of the low noise amplifier. The
matching circuit simulation results obtained from momentum as well as the result of the via analysis
can be imported as circuit using data item of the Schematic window. The DC Block, provided by
the manufacturer as previously explained, isalso included as data item in the simulation.
Figure 8.63 is the circuit set up for confirming the low noise amplifier designed using data item.
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Figure 8.63 Circuit for low noise amplifier characterization using Data item

Figure 8.64 is the simulation result of the circuit thus configured. From Fig. 8.64, the gain is found
to bemore than12 dBand the noise figure, less than 1.5 dB which satisfies the design
specifications in the design frequency band. Comparing this with the previous results, it can be seen
that, gain has decreased while the noise figure has increased; this is due to the substrate loss factors
included in the momentum simulation. In addition, the change in the length of the open stub which
was made from the previously designed transmission line must be noted.
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Figure 8.64 Results of Momentum simulation gain and noise figure with DC block included

8.5.8.3 Fabrication and Measurement
The low noise amplifier is fabricated based on the above simulation results. The substrate used in

the fabrication is the Rogers's UL2000 substrate considered in the simulation which is 10 mil thick
and has a dielectric constant of 2.5. ATC's 1pF broadband 0603 type 500L is used as the DC block
capacitor. In addition, the gate biasis applied at the back of thel00 pF capacitor after a 51
ohm chip resistor and a 100 pF capacitor were attached to the gate bias of the low noise amplifier.
Next, for the overall stability of DC supply, a 3.3 pF capacitor was connected to the input of the
gate and drain bias.

Figure 8.65 The fabricated 10 GHz low noise amplifier

Figure 8.65 is the photograph of the actually fabricated low noise amplifier. During
measurement, the nominal gate bias voltage is adjusted until the rated drain current flows.



With gate voltage Vg=—0.33 V, the drain current flowing is found to be near a nominal value of 10
mA. The drain current then was 10.7 mA.

The noise figure and gain were measured using a Noise Figure Analyzer (NFA). In measuring
the noise figure of the low noise amplifier, an attenuator is typically inserted at the front-end of the
amplifier. That is, since the internal function of the NFA can compensate the used attenuator, the
NFA is calibrated with the attenuator inserted. This is done to reduce the mismatch between the low
noise amplifier and the noise source. After the calibration, the noise figure and gain of the low noise
amplifier is measured. Slight deviation from the simulation results is observed and this was tuned
by decreasing the stub lengths.
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Figure 8.66 Measurement results of 10 GHz LNA

Figure 8.66 is the noise figure and gain respectively for the optimized low noise
amplifier. With a noise figure of 1.42 dB (design goal <1.5 dB) and gain of 12.8 dB (design goal>
10 dB) at 10 GHz, it can be seen that this satisfies the design specifications. The simulation results
give noise figure of about 0.9 dB and gain of 13.4 dB; it can however be seen that, while the
measured gain is optimized, the noise has increased. This is believed to be due to the effect of the
connectors which were not considered in the simulation.

In order to determine the cause of the increase in noise, a test jig was constructed with the
same length of 50 ohm transmission line connecting the two connectors. Evaluating this loss will
help us predict to what extent the increase in noise is due to the connectors. Figure 8.67 shows the
measured results. In Fig. 8.67, the loss is —1.24 dB at 10 GHz, which explains the slight increase in
the noise figure at the design frequency. This can be considered as reflections due to mismatch,
but it can be seen from Fig. 8.67 that, the return loss within the entire band is less than 10 dB.
Therefore, the increase is found to be due to connector and microstrip line losses. Considering this
as connector loss and calculating, the noise figure is 1.5 dB (= 0.88 + 1.24 / 2) which explains the
experimental results. That is, this can be considered as the degradation in noise characteristics of the
low noise amplifier due to connector loss.
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Figure 8.67 Results of connector loss measurement
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PROBLEMS

8.1 Prove equation (8.25) using the input reflection coefficient of the active device.

8.2 Derive the power delivered to the load T'. in the circuit shown below for which
measurement was carried at 50 ohm reference impedance.
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Figure 8P.1 Circuit connection of load (as reflection coefficient) to a source

8.3 Determine the Thevenin reflection coefficient, I't of the following circuit when the circuit is
represented by Thevenin equivalent circuit in a 50 ohm measurement reference.
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Figure 8P.2 Circuit with source and internal resistance

8.4 Answer each of the following questions for the circuit below.
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Figure 8P.3 Low Noise Amplifier configuration

(1) Derive the transducer power gain
(2) Derive the available power gain



8.5 The available power from the source, by way of a different approach to deriving the
available power gain when I's =(I'in )" as previously discussed, is as given below:

Pu =

In addition, the available powerin the load from the outputof the active devicein the
Thevenin equivalent circuit is expressed as follows:

" [bf[sal’
- Suls - Tou

PAo =
1_ |rout

|2
Using these equations; show that the available power gain is given by:

Pao (2= f)saf

P (1-Su |0 ) (1)

8.6 The power gain is the fraction of the input power delivered to the load; in other words, it is
determined as the ratio of the power delivered to the load to the input power when the input is
matched ~ for maximum  power transfer. Therefore, fora  given transducer power gain,
maximum power is transferred to the load when the source impedance is conjugate matched to the
input impedance.
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Figure 8P.4 Another interpretation of power gain

Derive the following expression when the T's =T, condition is satisfied,

R [n)isaf (2

Po  [L-Tulf 1= Sol [

Sa* (1)
(1= [T~ Szl

s=Llin



8.7 The input reflection coefficient is expressed as follows,

Fin _ Sl]_ + S123211—‘L _ S12821

Given that, in this equation, I'. = e3¢ (assuming a unit circle of magnitude 1), prove that this is a
circle with center and radius given below:

CL=811+&215522=, I’L:|SL821|2
1—|522| 1_|322|

This can be analyzed in the following order.

1) 1/T'. = &% a unit circle for which only the sign of the phase changes.
2) —1/T =e""? 2 ; a unit circle for which the phase changing by 180°.
3) Sx»—1/T". a unit circle with center Sy,
4) The nearest distance from the origin to the center of the locus of 1/(Sx—1/T"\) is given by the
following.
S» 1 1

|522|’ |322|+1’ |322|—1

With these, the locus can be found in the same way.

8.8 Stability is achieved when the locus above is in the unit circle in the T, plane; obtain the
necessary and sufficient condition for stability from this condition.



