ECEnN 464: Wireless Communications Circuits

3.2 Unilateral Amplifier Design - Gain Circles
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Figure 3.2: Amplifier with device and source and load matgmatworks.

When designing an amplifier, we typically design matchingvwoeks at the source and load as shown in
Fig. (3.2) with values of'; andI';, such that a given set of design criteria for the amplifier ae¢ (gain,

stability, noise performance, bandwidth, etc.).

In order to obtain a specified gain, we can use the method staohgain circles, which are circles of values

of I'y andI';, which give constant gain. For a unilateral device,

Gru = GGG,
where | |2 | |2
1— T 1—-1|T'g
Gy=r—1t2 G =— L
ST 1= T,51 2 LT T =T .85

The maximum values of the source and load gain factors are

Gsmax = Gslr,=s;, (conjugate match)
o 1-sur 1
1—[SulP? 1—1]9u)?
Grmax = Gslr,—s;, (conjugate match)
_ 1
1 —[S?

In terms of the maximum values, we define normalized gains,

b - G 0-InP-su)

Gs,max ‘1 - Sllrs‘z
g = G (1= TL)(A — |S2f)
GL,max |1 - 522FL|2

so thatd < g; < 1and0 < g;, < 1.

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

If we want to design for a specified value @f then rearranging the expression for normalized gain gives

gsll = Sl = (1 - 051 = |51 )
g9s(1 = Suls = S{iTs 4+ [SuPTsf?) = 1—[Sul* = [Ts[* + [Suls|?

(gs1S111* + 1 = |Su)Ts|* — gs(SuTs + SHIE)
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This can be placed in the form

gs(S11l's + S11I) I 151112 — gs
1—(1—g9)lSul* 1—(1-gs)lSul?
We will now show that this is an equation for a circle in fheplane. The equation for a circle with center
C and radius in the complex plane is

Il — (3.43)

r? = |z — C]z
= (-0)(z" -0
= 22" — (C*z+ Cz*) +|C)? (3.44)

By comparing Egs. (3.43) and (3.44), we can seelthdies on a circle with center at

gssikl
Cs = 3.45
1—(1—gs)[Sul? ( )

The radius of the circle is given by

1—[S11]% = gs
— (1 —gs)ISu?
(1= [Sul* = go)[t = (1 = go)[STI] + 93]S0 [?
[1— (1~ gs)|S11 [

(1 —gs)(Sul* = 2[Su*+1)

[1— (1~ gs)|S11
(1—g9)(1 —[Sul*)?
1= (- g)8ulP (3:49)

r? = \Cs]2+1

s

so that

 VT=g,(1—[Sul?)
e e TR (3.47)

The centerC;, and radius-;, of theT';, circle for a constant value gf;, can be obtained from Egs. (3.45)
and (3.47) by replacing, with gz, andS7; with Sos.

These results lead to a design procedure for a desired vitbe gain:

1. FromGry = Gs|S21/?°G, determine desired values fof, andG . One approach is to conjugate
match the input port so thét; = G max, and then choosé';, to obtain the desired gain.

2. Compute the normalized gainsandgy..

3. Compute the load gain circle center and radiig,andr. If the source is not conjugate matched,
compute the source gain circle center and radiyandr also.

4. Choose convenient values Iof andI';, on these circles. Any value on the circle will meet the gain
target, so we need some way to choose a particular value. @sibjlity is to choose the reflection
coefficient with smallest magnitudél( closest to zero). Later, we will consider other performance
metrics such as noise figure that will dictate the choicds,aindI';,.
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5. Find the source network impedance and load network impuedasing

14T

Zy = Z, 3.48
T, (3.48)
141,

Z, = 2, 3.49

L=zt (3.49)

If g = 1, thenC, = S}, andry = 0, so thatl'y = S};, which is what we expect, since this is a
conjugate match.

If we conjugate match both the input and output, then we caa hathG; > 1 andGy > 1. How is
this possible with passive matching networks?
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3.3 Stability

After gain, the next key amplifier concept is stability. If amplifier is unstable, noise feedback will lead to
oscillation. Stability can be determined from the reflectamefficientsl’;,, andI’,, looking into the input
and output of the transistor. If the magnitude of one or bdtthese reflection coefficients is greater than
unity, then the amplifier is unstable.

Sincel’;, andI',,; depend on the reflection coefficierts andI';, looking from the device into the source
and load, the matching networks determine the stabilithefamplifier. There are two possible situations:

1. Unconditional stabilityiTi,| < 1 and|Toy| < 1 for all passive source and load impedand&s|(<
L, [Tr| <1).

2. Conditional stability]T';,| < 1 and|T'oyt| < 1 only for a certain range of source and load impedances.
This is also called potentially unstable. For this case, @sigh the source and load matching networks
to be such that the amplifier is in the stable region.

In order to determine the stability of an amplifier, we needxamine the reflection coefficients looking into
the two device ports. The stability conditions are

S120'1.521
Tl = |S —= - - 1 3.50
|Tin| 11+ 1 — Syl < ( )
S121's521
T'ou S —— = 1 351
ITout| 22+1_511Fs < ( )

We will use these to find out what valuEs andl';, may take on in order to have stability.

Unilateral device. For a unilateral device$2 = 0, and the stability conditions become

Sl < 1 (3.52)
S| < 1 (3.53)

which are a function of the device only, and not the sourcel@ad matching networks.

Bilateral device. The bilateral case is more complicated, because stabdipgids on the source and load
matching networks. The boundary of the region of stabibtgefined by

ITin| = [Tout| =1 (3.54)

The first condition becomes
|S11(1 = S92l'r) + S12l'1S21] = |1 — Sal'f] (3.55)
|S11 = AlL] = |1 — Sal'g (3.56)

where A = 51152 — 512591 is the determinant of the S-parameter matrix of the deviaua8ng both
sides of the last expression leads to

15112 4+ |AP|TL> — AT ST, + A*T%S1 = 14 [Sool?|T1 |2 — (S35 + SaoT'r) (3.57)
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Combining terms containingj;, gives

(522 — AST;{)PL + (552 — A*Sll)F*L _ |511|2 —1

’FLP - 2 2 - 2 2
[S22]? — |A] |S22]2 — |A]

(3.58)

If we compare this to Eq. (3.44) for a circle in the complexnglawe find that the center and radius of the
circle in thel'y, plane is

S —A*Sy

© 7 BaP- AR 29
B S12591

r, = '7|522|2 — AP (3.60)

For the condition od’,;, we get similar expressions for the cenférand radius-; of the stability circle
in theT'5 plane, withSy; and Sy, interchanged. Why does the input stability condition lead tircle for
I'z, which is on the output side, and the output stability caaditead to a condition of',, the reflection
coefficient looking into the source network?

If we have a matched load, théfy, = Z; andI';, = 0, so that
ITin| = [S11] (3.61)

If |S11| < 1, the center of the Smith chart represents a stable vallig.oDtherwise, the center of the Smith
chart is in the unstable region. This can be used to deterwiegher the inside or the outside of a stability
circle represents the stable region for a device.

In practice, it is good to be well inside the stable regiord tmbe sure thal'; andI';, are inside the stable
region over a range of frequencies near the design frequency

Unconditional stability. If a device is unconditionally stable, then the entire Sneitlart (I'| < 1) is
inside the stability circles. It can be shown that a deviagnisonditionally stable if

1—1[511)?

>1 3.62
| S22 — ST1A| + [S12521] ( )

and the greater this quantity is, the more stable the device.
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3.4 Bilateral Design

If S12 # 0, the constant gain circle design approach used above needschanges. For a bilateral device,
the transducer gain cannot be separated into independrotsdor the source and load ports, so to achieve
a given value of the gain we would have to adjust dotrandI';, at the same time. To avoid this difficulty,
we will work with either the power gaifrp or the available power gaify 4 since they are independent of
the source or load, respectively.

The power gain is

Py 1 5 1—|Tp)?
= =S
P 1 — |Tinl |1 — SooT'g |
The goal here is a way to find;, given a specified power gain. First, we need to wiifgin terms ofl",,
using

Gp = (3.63)

S12591 S11 — 51152, + 512591 S11 — AT
ITin| = |51 + 1292110 | _ 911 119220 1 + 5120211 :‘ 11 L (3.64)
1 — Spl'r 1 — Spl'r 1 — Sol'r,
With this result, the power gain can be expressed as
1 1— I
Gp=———— |9 P ———— 3.65
F | _ |su-ary 31521 |1 — Spl'r|? (369)
1-522T"r,

which is a function of';, and the device parameters only. We will use this expressiaesign the value of
I', to achieve a specified power gain, and then use a conjugath fieatthe source network.

The power gain normalized by the intrinsic transistor gain |? is

gp ENE
1—|Tp|?
= — - | L2| . - > (3.66)
1— Sl — ‘922FL + |522FL| — |511| + SHAFL + SHA*FL — |AFL|
1—|Tz|?
- 2 2 2 2 Ll * ¥ (Qx (3.67)
1= [S11[? + [TL([S22)* — |A[?) = T (S22 — ASTy) — T (53, — A*S1)
Cross multiplying and rearranging leads to
o ogp(S2—ASH) L gp(S5 —A*Su)  gp(1—|Sul?) 1
Tz | NS D I'; D + D =D (3.68)

whereD = 1+ gp(]|S22|? — |A]?). We recognize this as a circle in thg plane. The center and radius are

gp(S3y — A*S11)

o 3.69
P 1+ gp(|S22]? — |A[?) 209
B 2 211/2
- [1 — 2k|S12521]gp 4315125221! 9p) (3.70)
11+ gp(|S22]* — |A[?)]
1—[S11]* = |Sol? + |A?

& 3.71
2|S1251 | ( )

This is similar to the unilateral design procedure we dgwetbearlier, except that we do not know the range
of possible values fogp.
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In order to understand the range of attainable gains in tlagebal case, we need to find out the maximum
value ofgp. Let the quantity inside the square brackets in the expredsr rp» be denoted by (gp), so
that

flgp) =1 = 2k|S12521|gp + [S1252 g7 (3.72)

Since we must havep > 0, thenf(gp) > 0 as well. We can also see thAt0) = 1. Using the quadratic

formula, the zeros of (gp) are
9172 k F vV k2 (373)
1512591 ] 521]

whereg; corresponds to the upper sign agpdto the lower. Using the zeros, we can factor the polynomial
into the product form

_VIZ0) } { (k+Vk2 1) (3.74)

= 1512591 |2
f(gP) \ 12 21\ ap — |S 2521| |512521|
= [S125211*(9p — 91)(9p — 92) (3.75)

If we assume that > 1 (which is true for a transistor that is unconditionally d&égbthen both zeros are
positive.

Putting all of this together, we can see tiféyp) is a parabola that is one ap = 0, goes negative af;,
and becomes positive againgt Sincef(gp) must be positive, we can see that the interval for physically
meaningful values of the normalized gainis< gp < g1. We therefore have

gPmax — \/k‘2 (376)
1512521!
GpPmax = gj; — k2 - (3.77)

Also, sincerp = 0 atgp = gp,max, Cp becomes
gP,max(SékQ - A*Sll)
L+ gpmax(|S22* — |A[?)

which is the value of';, that maximizes~p. These results provide a design approach for a bilaterasisa
tor amplifier.

(3.78)

Pyr =

Design Procedure
1. For the desired power ga@iip, compute the normalized gaip and plot the resulting gain circle on
theI';, plane.
2. Load reflection coefficientChoose a value df;, on the gain circle.
3. Source reflection coefficientComputel’;, using the selected value far;. Conjugate match the

source, so thdf s = I'} . For this matching conditionf?, = P, and therefor&Gr = Gp.

Our choice ofl';, produces a value fdr;,, which in turn determine§'s. This value ofl'g results in a value
of I'yut Which determines the output VSWR. If we don't like the outM®WR that we obtain for some
reason, we can always choose a different valugof

We won't take the time to prove this, but it can be shown thatefpickI';, = I'y/p, thenI'; , = I'z. In
other words, maximizing the gain is equivalent to conjugasching the input and output.
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3.5 Noise in Communications Systems

There are several types of noise that are included in contation systems.

1. Thermal Noise (Johnson or Nyquist noise): Created byrhEvibration of bound charges.
2. Shot Noise: Random fluctuations of charge carriers inid-stdte device.
3. Flicker Noise {/f noise): Occurs in solid-state components. The noise poargs/asl/ f.

4. Plasma Noise: Random motion of charges in an ionized gas.

Thermal noise tends to be dominant in most systems, so weavitentrate on this.

Consider a resistor with resistanfeat a temperatur&’ (in Kelvin). The kinetic energy of the electrons is
proportional toI’. The random motion of the electrons create voltage flugnatat the resistor terminals.
The voltage has zero average, but the RMS value is given mcR#ablackbody radiation equation

[ 1hfBR

where

B Bandwidth in Hertz

h Planck’s constant .546 x 1073 Jsec
kp Boltzmann’s constant £.380 x 10723 J/K
f frequency (Hz)

If the frequency is large, saf = 100 GHz, and the temperature is low, so tlaE 100K, then
hf =6.5x 1072 <« kgT =1.38 x 1072 (3.80)

This means that the exponehf /kT is very small. The inequality gets even larger for microwéree
guencies at room temperature (T = 273 K). Because of thisjabmave frequencies the exponential can
be approximated by the first two terms of the Taylor series,

hf
hf/kBT
e 1+ ol (3.81)
This simplifies the RMS voltage to
4hfBR
Uy R =+/4kpTB 3.82
! \/1+hf/kBT—1 sTBR (382)

In this approximationg,, is independent of frequency. For this reason, the thermiakergignal is called
“white noise”. We generally model the noise voltage as aoandariable with a zero mean Gaussian dis-
tribution and variance?. Given multiple noise sources, the distributions are iedeient. Mathematically,
this means that if you combine multiple noise sources, thimnee of the sum is equal to the sum of the
variances (we add the noise powers, not the voltages).
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