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2. Basic concepts of RFIC design

Nonlinearity Noise
= Harmonic Distortion = Noise Spectrum
= Compression = Device Noise
* Intermodulation * Noise in Circuits

* Dynamic Nonlinear Systems

A. Thanachayanont

Impedance Transformation

= Series-Parallel Conversion
= Matching Networks
» S-Parameters

RF Microelectronics
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General considerations:

Units in RF design
m Voltage gain and power gain Avlas = 201og Vour
Vin
POUI
APldB = lOlog p.
mn
m Ap and Av are equal if vin and y2
vout appear across equal out
impedances Aplag = 101log Rg
Yin
Ro
VOlll
= 201lo
Vin

A. Thanachayanont RF Microelectronics



_|_
RF power

* dBm:Power is represented in dBm scale
— log power measured relative to | mW reference.
- e.g.,a power level of | mW =0 dBm

10mW

— In general, x mIW power can be represented as 10.loglo(:c)dBm

— Power level of

10.l0g10

* dB is used to represent difference in Power levels
- e.g.:A power gain of 2 ~ 3 dB gain.

A. Thanachayanont RF Microelectronics



Calculation of RF power

An amplifier senses a sinusoidal signal and delivers a power of ) dBm to a load resistance
of 50 2. Determine the peak-to-peak voltage swing across the load.

Solution:

Since 0 dBm is equivalent to 1 mW, for a sinusoidal having a peak-to-peak amplitude of
V,» and hence an rms value of V,,,/(2+/2), we write

2
PP — 1 mW, (2.7)

where R; = 50 Q2. Thus,
Vpp = 632 mV. (2.8)

A. Thanachayanont RF Microelectronics



Calculation of RF power

Example 2.2

A GSM receiver senses a narrowband (modulated) signal having a level of —100dBm. If
the front-end amplifier provides a voltage gain of 15 dB, calculate the peak-to-peak voltage
swing at the output of the amplifier.

Solution:

Since the amplifier output voltage swing is of interest, we first convert the received signal
level to voltage. From the previous example, we note that —100dBm is 100dB below
632mVpyp. Also, 100dB for voltage quantities is equivalent to 10°. Thus, —100dBm is
equivalent to 6.32 V. This input level is amplified by 15dB (= 5.62), resulting in an
output swing of 35.5 uVpp.

A. Thanachayanont RF Microelectronics



- dBm Used at Interfaces Without Power

Transfer

m dBm can be used at interfaces that do not necessarily entail power transfer

m \We mentally attach an ideal voltage buffer to node X and drive a 50-Q load.
We then say that the signal at node X has a level of 0 dBm, tacitly meaning
that if this signal were applied to a 50-Q) load, then it would deliver 1 mW.



Time Variance

> A system is linear if its output can be expressed as a linear combinatio
| (superposition) of responses to individual inputs.

yit) = flei(t)]

y2(1) = flaa(t)]

ayi(t) + bya(t) = flaxi(t) + baa(t)].

» A system is time-invariant if a time shift in its input results in the same time
| shift in its output.

If y(t) = f[x(8)]

then y(t-1) = f [x(t-1)]



+ . . . .
Time Variance vs. Nonlinearity

time variance plays a critical role and must not be confused with nonlinearity

vint(t) = Ajcoswit vin2(t) = Ajcoswst




Example of Time Variance

Plot the output waveform of the circuit above if v, , = A, cos w,fand v
cos(1.25w, ).

[ Solution: ]

RS WA /\
LT VRV
in ) i 1

r ] NN
d VAVAVE

- Vout \ '\ ; i\ E
> 0 and is pulled down to zero by R, if v;,, < 0. That is,

As shown above, v, tracks v,,, if v;,, in1
V,.: IS equal to the product of v,,, and a square wave toggling between 0 and 1.




- Time Variance: Generation of Other

Frequency Components
Uout (t) — ‘UinZ(t) ’ S(f)

o X sin(nr/2)
Voue(f) = Via(f) * Z nrr/ (j B _>
B 'lio sin(nn/ 2 (f )
- e . z n2 Tl

=ty - TLT]
X 4 -
t t

> A linear system can generate frequency components that do not exist in the
| input signal when system is time variant
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Nonlinearity: Memoryless and Static

System

y(t) = ax(l) h
y(t) = ao + arz(t) + aze®(t) + asz (1 -—

» The input/output characteristic of a memoryless nonlinear system can be
~approximated with a polynomial

V,
Rox

-
7

out  — fDD — ]DRD Vout
1 W o,
= Vpp — > nCow— i —(Vin = V)" Rp Vi[5 M

» In this idealized case, the circuit displays only second-order nonlinearity




Example of Polynomial Approximation

For square-law MOS transistors operating in saturation, the characteristic
can be expressed as 1 W \/ Mo

2
— Vi Bp

V out = — E Hn Co;r, - Vi n

7 W

HnCox T,

If the differential input is small, approximate the characteristic by a polynomial.

Factoring 4/ . / (u,C,, W/L) out of the
square root and assuming

41ss

r2
V in K W
225 C’Yo xr T

Approximation gives us:

r o Corp
"‘lou« ~ = bn C"vo:z: _I,f‘,_f' L"f‘m 1 — Vg' n R
! \/ M T SS 3 IS . " D

o\ 3/2
- W
o RV + (fnCort) RpV3
~ A HnCor—4SSLLD Vi T DVin
f T SSALD 8/ Tos D



Effects of Nonlinearity

m Linear system y(t) = ax(t)

m Nonlinear system can be approximated by

y(t) = ag + oayx(t) + ozzxz(t) -4 a3x3(1) d ...

m Effects of non-linearity
= Harmonic distortion (HD)
m Gain compression
m Cross modulation

® Intermodulation

A. Thanachayanont RF Microelectronics
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Harmonic distortion

y(t) ~ ax(t) + ozzxz(t) + a3x3(t)

x(t) = Acoswt

y(t) = ajAcoswt + a2A2 cos® wt + a3A3 cos> wi
arA? a3A>
1A coswt + T(l + cos 2wt) +

(3coswt + cos 3wt)

arA? 3a3A> arA? azA?
*2n (alA + ; )coswt + 22 cos 2wt + 34 cos 3wt

2
. B . B . B . B
DC Fundamental HD2 HD3

= Even-order harmonics result from a; with even j
= nth harmonic grows in proportion to A"

Total harmonic distortion (THD) = HD2+HD3+...+HDn
Fundamental RF Microelectronics
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Example 2.6

The transmitter in a 900-MHz GSM cellphone delivers 1 W of power to the antenna.
Explain the effect of the harmonics of this signal.

Solution:

The second harmonic falls within another GSM cell phone band around 1800 MHz and
must be sufficiently small to negligibly impact the other users in that band. The third, fourth,
and fifth harmonics do not coincide with any popular bands but must still remain below
a certain level imposed by regulatory organizations in each country. The sixth harmonic
falls in the 5-GHz band used in wireless local area networks (WLANS), e.g., in laptops.
Figure 2.8 summarizes these results.

GSM1800 WLAN
Band Band

-
09 18 27 36 45 54 f(GH2)

-
e -
e

Figure 2.8 Summary of harmonic components.

A. Thanachayanont RF Microelectronics



Example 2.5

An analog multiplier “mixes” its two inputs as shown in Fig. 2.7, ideally producing y(7) =
kx1(f)x2(1), where k is a constant.” Assume x;(1) = Aj cos w7 and x2(f) = A cos wat.

x1(t) y(t)

x5(t)

Figure 2.7 Analog multiplier.

(a) If the mixer is ideal, determine the output frequency components.
(b) If the input port sensing x> () suffers from third-order nonlinearity, determine the output
frequency components.

A. Thanachayanont RF Microelectronics



Solution:
(a) We have

y(1) = k(A cos w1)(Az cos wai) (2.29)

kA1A A
= 2172 2 cos(w) — wa)t. (2.30)

cos(wy) + wa)t +

The output thus contains the sum and difference frequencies. These may be considered
“desired” components.

(b) Representing the third harmonic of x»(7) by (a3A% /4) cos 3wrt, we write

a;Ag
—= COS 3w2t) (2.31)

y(t) = k(A coswit) (Az cos waf +

kA1A2 2
— cos(w) — wo)t

cos(w) + w2t +

ka3A A3

kosA A3
4 X314 —= cos(w) — 3wo)t. (2.32)

cos(wy + 3wa)t +

The mixer now produces two “spurious” components at @] + 3w> and w; — 3wz, one
or both of which often prove problematic. For example, if w; =2x X (850 MHz) and
wr = 2w X (900 MHz), then |@| — 3w>| = 27 X (1850 MHz), an *“undesired”” component
that is difficult to filter because it lies close to the desired component at w| + wp = 2w X
(1750 MHz).



+ .. .
Gain compression

y(t) = ajAcoswt + a2A2 cos® wt + a3A3 cos® i
(X2A2 -A3
«1A cos wt + T(l + cos 2wt) +

(3 cos wt + cos 3wt)

azAz 3013A3 azAz 0{3A3
= + | o)A + cos wt + 5 COS 2wt + cos 3wt
01 03> 0 Typically oq03<0
yi yi .
O3z X
3 G dominant
oz x3 dominant
dominant /
- -
% J%
(a) (b)

Figure 2.9 (a) Expansive and (b) compressive characteristics.

A. Thanachayanont RF Microelectronics



Gain Compression: Effect on FM

and AM Waveforms

Frequency Modulation

(a)
Amplitude Modulation

VW -1

LU L

L

L

L

L

» FM signal carries no information in its amplitude and hence tolerates

compression.

» AM contains information in its amplitude, hence distorted by compression
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1-dB compression point

m Gain depends on input amplitudes

A
20l09A out ’ 4.'.&--- 20 log

f 1dB

- Ain1dB = \/0-145
Ain1dB  20logA;,

m Typically Pin-1dB is about -20 to -25 dBm

= 201og |o;| — 1 dB.

3 5
o) + Za3Ain,ldB

o]

a3

A. Thanachayanont RF Microelectronics



+ .
Desensitization

m If a weak signal and a strong interferer experience a
compressive nonlinearity, the average gain for the weak
signal decreases. We say the large interference desensitizes
the circuits.

Interferer
Desired Desired Signal + Inteferer | |
Signal -«— Gain Reduction
3 -
f t

x(t)= A coswit+ A, cosw,t

3 : Gain can drop to zero, i.e.

I
1

A. Thar i RF Microelectronics

1



Example 2.7

A 900-MHz GSM transmitter delivers a power of 1 W to the antenna. By how much must
the second harmonic of the signal be suppressed (filtered) so that it does not desensitize a
1.8-GHz receiver having Py = —25dBm? Assume the receiver is 1 m away (Fig. 2.13)
and the 1.8-GHz signal is attenuated by 10dB as it propagates across this distance.

900-MHz 1.8-GHz
GSM TX RX

) LNA

(GHz)

1m

Figure 2.13 TX and RX in a cellular system.

Solution:

The output power at 900 MHz is equal to +30dBm. With an attenuation of 10dB, the
second harmonic must not exceed —15dBm at the transmitter antenna so that it is below
P14 of the receiver. Thus, the second harmonic must remain at least 45 dB below the
fundamental at the TX output. In practice, this interference must be another several dB
lower to ensure the RX does not compress.



Cross Modulation

Transfer of modulation on the amplitude of the interferer to the
amplitude of the weak signal.

.. P

When a weak signal and a strong interferer pass through a
nonlinear system,

Weak signal: x,(t) = A coswt

Strong interferer:  x,(¢) =4, (1 + m Ccos wmt)cos Wyt

Then,

"12 1712

3
y(t) = [al + 5013,4% (l + > + 5 cos 2wt + 2m cosw,,,t)]Al coswit+---

A. Thanachayanont RF Microelectronics



Example 2.8

Suppose an interferer contains phase modulation but not amplitude modulation. Does cross
modulation occur in this case?

Solution:

Expressing the input as x(r) = Aj coswt + Az cos(wat + ¢), where the second term rep-
resents the interferer (A, is constant but ¢ varies with time), we use the third-order
polynomial in Eq. (2.25) to write

y(t) = a1[Ajcoswit + Az cos(wat + @)] + az2[A| coswit + Aj cos(wat + ¢>)]2
+ a3[A) cosw it + A cos(wat + ¢)]3. (2.38)
We now note that (1) the second-order term yields components at w; £+ @, but not at w;;

(2) the third-order term expansion gives 3a3A| cos wltA% cos(wat + ¢), which, according
to cos®>x = (1 + cos2x)/2, results in a component at ;. Thus,

3
y(t) = (al + 5a3A%)A1 coswit + --- . (2.39)

Interestingly, the desired signal at @w; does not experience cross modulation. That is,
phase-modulated interferers do not cause cross modulation in memoryless (static) nonlinear
systems. Dynamic nonlinear systems, on the other hand, may not follow this rule.
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Intermodulation

So far we have considered the case of:

» Single Signal

» Signal + one large interferer

» Signal + two large interferers

A

GSM1800 WLAN
Band Band
0.9 1.8 2.7 3.6 4.5 5.4 f (GHz)

Interferer

Desired

Wy Oy

LNA

)
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Intermodulation

x(t)= A coswit+ A, cosw,t  y(t)=o,x(t)+o,x" (t)+o,x (1) +---
y(t) = aj(Ajcoswit + Ar coswat) + ar(Ay coswit + Ar cos a)y_t):Z

+ a3(Aj coswit + Ar cos a)zl‘)3.

R
Fundamental | = @1, @2 : (alAl + Za3A‘l + 5013A1A%) coswt
products
3 5, 3 ,
+ | oAy + ZO(3A2 -+ 50(3A2A| CcoS wot
2nd_order
intermodulation| @ = @, i , :alAlAz Cos(a)l + a)z)t 'szAlAz COS(a)l _wz)t
Products (IM2)
3rd_ord 3“3A%A2 3(13A%A2
-order = 2w £ w) : cos(2wy + wo)t + cos(2w) — w)t
Intermodulation 4
Products (IM3) 3034 A% 33, A§
w = 2w *+ w : 2 cos(2wr + w)t + cos(2wr — w)t
RF Microelectronics
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Intermodulation

ARSI

<<
27

S S
0, O

ey

(1)1_(1)2
W+ W, =~
20,+0 [

LNA

= Areceived small desired signal along with two large interferers
= [ntermodulation product falls onto the desired channel, corrupts signal.

A. Thanachayanont RF Microelectronics



xample 2.6

Suppose four Bluetooth users operate in a room as shown in Fig. 2.17. User 4 is in the
receive mode and attempts to sense a weak signal transmitted by User 1 at 2.410 GHz.

At the same time, Users 2 and 3 transmit at 2.420 GHz and 2.430 GHz, respectively. Explain
what happens.

User 2
TX2
User 3
TX3
_D V User 4
User 1 RX4

TX;4

2.41 242 243 f(GHz2)

Figure 2.17 Bluetooth RX in the presence of several transmitters.

Solution:
Since the frequencies transmitted by Users 1, 2, and 3 happen to be equally spaced, the
intermodulation in the LNA of RX4 corrupts the desired signal at 2.410 GHz.



Example 2.10

A Bluetooth receiver employs a low-noise amplifier having a gain of 10 and an input
impedance of 50 2. The LNA senses a desired signal level of —80dBm at 2.410 GHz
and two interferers of equal levels at 2.420 GHz and 2.430 GHz. For simplicity, assume the
LNA drives a 50-2 load.

(a) Determine the value of «3 that yields a P43 of —30dBm.

(b) If each interferer is 10 dB below Pj4p, determine the corruption experienced by the
desired signal at the LNA output.

Solution:

(a) Noting that —30dBm =20mV,, =10mV,, from Eq. (2.34), we have
VO.145]ct; Ja3] = 10 mVp,. Since «| = 10, we obtain a3 = 14, 500 V2,
(b) Each interferer has a level of —40dBm (=6.32mVp,). Setting A=A =

6.32mVpp/2 in Eq. (2.41), we determine the amplitude of the IM product at
2.410GHz as

3a3A%A2

1 = 0.343mV, = —59.3dBm. (2.44)

The desired signal is amplified by a factor of «; = 10 = 20 dB, emerging at the out-
put at a level of —60 dBm. Unfortunately, the IM product is as large as the signal
itself even though the LNA does not experience significant compression.



IMD vs HD for narrowband system

System
Frequency Response

Relative IM = 20 log (§ =

I

1 W ®

AZ) dBc

If the input sinusoid frequency is

chosen such that its harmonics fall

out of the passband,

The output distortion appears quite

small even if the input stage of the

filter introduces substantial

nonlinearity.

In many cases, harmonic distortion
b) is not adequate to characterize the

non-linearity.
Figure 2.19 (a) Two-tone and (b) harmonic tests in a narrowband system.

ey

04 2004
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Third-order intercept point (IP,)

m Using two tones with the same amplitude, we increase the input level. The
fundamentals at the output increases in proportion to A whereas the IM
products increase in proportion to A3.

y(t) = (oc1 + %%Az )Acosa)lt + (051 + %0{3/12 )Acosa)zt +

%0@/13 cos(2w, —m, )t + %a3A3 cos(2w, —m, )t + -

3
Output § -y = |20nAd .
Amplitude |1 Agp3l 193A1p3
20log(Ct1A)
AO'P3 e """""','5,‘.
3 Ao = 4 |ay
- 20log(3 013A4") 13 =33 o |
A. -
(log scale) Anpy _ | 4
Aup 0.435

A. Thanachayanont ~ 9 6 dB RF Microelectronics



IP3 calculation from measurement

-
-* s
-
"
-

-

-
A in
(log scale) / (log scale)

A. Thanachayanont RF Microelectronics



IP3 Estimation

A Fundamental

3(20l0gA |p3 - 2010gA jn1)

1A ' >
Aint Aps A,
(log scale)

AP = 20logAs — 20log A = 2(201log Ajpz — 201og Ajn1)

AP
20 lOgA11p3 = T + 20 lOgAinl

A. Thanachayanont RF Microelectronics



Example 2.11
A low-noise amplifier senses a —80-dBm signal at 2.410 GHz and two —20-dBm inter-

ferers at 2.420 GHz and 2.430 GHz. What IIP3 is required if the IM products must remain
20 dB below the signal? For simplicity, assume 50-$2 interfaces at the input and output.

Solution:

Denoting the peak amplitudes of the signal and the interferers by Ay, and A, respectively,
we can write at the LNA output:

3

201og |e1Asig| — 20dB = 20 log Za3A3 . (2.50)

mt

It follows that

30

|1 Asig| = ‘7(13143 . (2.51)

mnt

In a 50-€2 system, the —80-dBm and —20-dBm levels respectively yield Ag, = 31.6 uV,
and Aj; = 31.6 mV,,. Thus,

mpy = 4| (2.52)
3 |a3

— 3.65V, (2.53)

— +15.2dBm. (2.54)

" Such an IP3 is extremely difficult to achieve, especially for a complete receiver chain.
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Intermodulation in cascade stages

P, 4 P ,
XLDF y, (t) !|:> ,(t)

y1(0) = a1x(t) + aax? (1) + azx’ (1)
y2(t) = Biyi (1) + Bayi(0) + Byi (D)

v2(t) = Brlaix(t) + aax® (1) + a3x’ ()] + Bolarx(t) + aax’(t) + a3x’ (1))
+ Balaix(t) + arx*(t) + e3> (0]’ .

v2(t) = a1 Bix(t) + (a3f1 + 2a12fa + i B3)x () + - - .

|4 o1 B
Apz = | 3 |-
\ 3 |e3Bi + 20102 + a3

A. Thanachayanont RF Microelectronics
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Intermodulation in cascade stages

I 3|3 + 2a102B2 + ;B3
Afpy 4 a1p)
3 2 a?
_3|as | 2mpy P
4 o P B
1 3a a?
Y - 282 a
Alp3.1 2p1 Alp3.2
1 1 af . .
—— ~ — + - The higher the gain of the 1% stage,
Aips  Ajpsy Apan the more nonlinearity of the 2" stage
2 202
1 ~ 1 L9 +a|ﬂ| e
2 2 2 2
IP3 A1P3, I AIP3,2 AIP3,3

= Thus, if each stage in a cascade has a gain greater than unity, the nonlinearity of the latter stages
becomes increasingly more critical because the IP3 of each stage is equivalently scaled down by

the total gain preceding that stage.

A. Thanachayanont RF Microelectronics
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Intermodulation in cascade stages

”P3,1 IIP3,2
x(t) e y, () l\| > y,(t)
A? ? 04 A A A I/ 04414 A A
o0y & , O 02 =@ . 91 0 =
%(X3A %(13[31A
4 4 ’a) ------- e 4 ? ’w
3
%Bs(OHA )Q 4\
= - ()
Ot1 A 2(01 - 0)2 20)2— (D-I
2
T f li """" S T
g = >
o4A
[i T %GQAZ l(l1(X2B2A
g
20, 20,

A. Thanachayanont
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Example of Cascaded Nonlinear Stages

A low-noise amplifier having an input IP; of -10 dBm and a gain of 20 dB is
followed by a mixer with an input IP; of +4 dBm. Which stage limits the IP; of the
cascade more?

[Solution: ]

With a, = 20 dB, we note that

A]pg,l —10 dBm

Arp3.2
1

= —16dBm

Since the scaled IP; of the second stage is lower than the IP; of the first stage, we say the
second stage limits the overall IP; more.



Linearity Limit due to Each Stage

Im

1P 4 | o (1)2? LY tﬁz
20 =My 2(:)2- OF
1 s
-
| ©

- | ©p 0
(|)1 (1)2 D)
200 o 2(!)2'" 4

» Examine the relative IM magnitudes at the output of each stage to find out
| which stage limits the linearity more
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Noise

s FUNTUNIN AVUATEALBIR NG N9aTaNNTaUINLEN0E
16t Insfinauawnsansule

/ Noise Level

Mr. Signal

o

r ISENNsasUR g ndnal NN INsERURuNasuNIU LavSe La ?
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I
Noise: Noise as a Random Process

i}
L |r:+ L |R|
AP \,\/V\/\I\
% R A e % WWAVW « [ Higher temperature}
t t

= The average current remains equal to Vg/R but the instantaneous current displays
| random values
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Noise spectrum or power spectral density (PSD)

Band-Pass

Filter Power

Average
Meter
Microphone —>1 Hz Power

sl R NG
P
x (1) - 0

f

10kHz f

10 kHz
(a)

o0 T
Band-Pass

L[,
Filters ower ‘ _ t |
t Power / Sx(f)df Tllmoo - / v (t)dt

1Hz
- 0 0

1
x (t) o—4 fa f >

RF Microelectronics

(b)



Effect of transfer function on noise

Sy(f) = Su(HIH()I?

LPF

e, R .

f f

Figure 2.33 Effect of low-pass filter on white noise.



+ L. . .
Noise 1n electronic devices

m Thermal noise of resistors

= PSD
V2 = 4kTR, "I2=V2/R, = 4kT /R,
R, °
4kT
akTR, () R, Y zA
(a) (b)

Figure 2.34 (a) Thevenin and (b) Norton models of resistor thermal noise.

A. Thanachayanont RF Microelectronics



Example 2.16

Sketch the PSD of the noise voltage measured across the parallel RLC tank depicted in
Fig. 2.35(a).

Sy(f) )

4KTR,

ey
—
AAA

| |
LS Lo, VD K@) RE LS L, VD)
| J

(a) (b) (c)

Figure 2.35 (a) RLC tank, (b) inclusion of resistor noise, (c) output noise spectrum due to R).

Solution:

Modeling the noise of R by a current source, E = 4kT /R, |Fig. 2.35(b)| and noting that

the transfer function V, /I, is, in fact, equal to the impedance of the tank, Z7, we write
from Eq. (2.86)

V2 = 12 |Zr|2. (2.87)

Atfo= Qnr/L1Cy)"~ I L; and C; resonate, reducing the circuit to only R;. Thus, the output

noise at fo is simply equal to I:‘:IR2 = 4kTR;. At lower or higher frequencies, the impedance

of thetankfalls and so does the output noise [Fig. 2.35(c)]. RF Microelectronics



Transfer of noise power

Suppose R,isheldatT=0K

! Ppy = Vg“’
Ry | I
: M——y—o
=3 Fo ™ v (K *
ve=atm() | L \r+m) &
L S L AT RiR>

(R1 + Ry)?

This quantity reaches a maximum if R = Ry:

PRr2> max = kT.

Called the *“available noise power,” kT is independent of the resistor value and has the
dimension of power per unit bandwidth. The reader can prove that kT = —173.8 dBm/Hz
at T =300 K.

A. Thanachayanont RF Microelectronics



Thermal noise in lossy circuits

= |f the real part of the impedance seen between two terminals of a passive (reciprocal)
network is equal to Re{Z,,}, then the PSD of the thermal noise seen between these
terminals is given by 4kTRe{Z, ;}

72 — A
V n,ant 4'I‘TR/"ad

= An example of transmitting antenna, with radiation resistance R,
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Thermal noise in MOSFET's

m Thermal noise of MOS transistors operating in the saturation region is
approximated by a current source tied between the source and drain
terminals, or can be modeled by a voltage source in series with gate.

= PSD E = 4kTy gm V;?' = 4kTy /gm
4KkT Y o
Im
o—] 4kTYg °—:O+——“-:
M1 M1

(o)

(a) (b)
where y is the “excess noise coefficient” and g,, the transconductance.'” The value of y
is 2/3 for long-channel transistors and may rise to even 2 in short-channel devices [4].

A. Thanachayanont RF Microelectronics
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Thermal noise from gate resistance

Gate resistance

Drain
R WR " = = = omow Y
G — —NQ[) Gate | B 1L
L — = " = m = = 4
Source
- o -
PSD  4kTRG/3 N
a
D
4KkTRg
Rg1 Ra2 Rgn Ra
G e e —M—It _3+ 3 w
C l L
S
RG1+ RG2+ LEEE RGn= RG
(b) (c)

Figure 2.40 (a) Gate resistance of a MOSFET, (b) equivalent circuit for noise calculation,

(c) equivalent noise and resistance in lumped model.
A. Thanachayanont

RF Microelectronics



Flicker or 1/f noise in MOSFETSs

V2 K 1

where K is a process-dependent constant. In most CMOS technologies, K is lower for
PMOS devices than for NMOS transistors because the former carry charge well below the
silicon-oxide interface and hence suffer less from “surface states” (dangling bonds) [1]. The
1 /f dependence means that noise components that vary slowly assume a large amplitude.

Can the flicker noise be modeled by a current source?

Yes, a MOSFET having a small-signal voltage source of magnitude V, in series with its gate
is equivalent to a device with a current source of value g, V, tied between drain and source.

Thus, —
17 = 42 A1 “ 2z
mn WLC,, f O_:O-‘-—“: E> — C*D I12

A. Thanachayanont RF Microelectronics
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Sensitivity and dynamic range

N R: Psz’
. NF — S;\ Rzn SNRzn — g

SNR, . Prs - B

—— PSiQZPRS'NF'SNROUt'B

Ps;q is the Signal Power
Prs is the source resistance Noise Power (per unit bandwidth)
B 1s the channel bandwidth

Psiglypm = PrSligm/m. + NFlig + SNRpin|yp + 10log1oB
Prs = kT = —174 dBm/Hz at 300K

Pinminl g, = =174 dBm/Hz + NF| 5 + SNRpin| 5 + 10l0g1o B

A. Thanachayanont RF Microelectronics



1/f noise corner frequency

va

(log scale)

A

Flicker Noise

% Corner

Thermal Noise

fo f

Figure 2.43 Flicker noise corner frequency.

A. Thanachayanont

K 1,

— = 4kT .
WLCor [, ym
K gm
fi= .

WLC,, 4kTy

RF Microelectronics



Noise in Bipolar Transistors

= Bipolar transistors contain physical resistances in their base, emitter, and
collector regions, all of which generate thermal noise. Moreover, they also
suffer from “shot noise” associated with the transport of carriers across the
base-emitter junction.

_ I
12, = 2qlg=2q—

’ 3
?,“ — quCa

Gm — ](“/(AT/Q)

Vnze
— | g?n —
[2 . = 4kT— i
T, C 2

= |n low-noise circuits, the base resistance thermal noise and the collector current shot noise
become dominant. For this reason, wide transistors biased at high current levels are employed.



Noise Figure

SNR;,
F — LT
N SN R
AS’ l\"r R n
NF|4ss = 101og N
Ly out

» Depends on not only the noise of the circuit under consideration but the SNR
provided by the preceding stage

» If the input signal contains no noise, NF=c



Calculation of Noise Figure

IG'IZ"’}%.S TR V2P

1 Visla[fA2 + V2
[ [2A2

2 A2
. a|“ AL =
Ab l\ RO‘UI‘: — ‘ Zn |2 I 2 72 ‘/}%S
‘RS|O| ‘41* + ‘/z

LNA
, A i i i,
out I | Circuit ¢ i1 o

---------------------------------------

> NF must be specified with respect to a source impedance-typically 50 Q
> Reduce the right hand side to a simpler form:

1 ‘rlzzuuf
T WTRs A2




Calculation of NF: Summary

> Divide total output noise » Calculate the output noise
by the gain from V, to V_, = due to the amplifier, divide !
and normalize the result | it by the gain, normalize it
to the noise of R, : . to 4kTR_ and add 1 to the

.......................... result

» Valid even if no actual power is transferred. So long as the derivations
| incorporate noise and signal voltages, no inconsistency arises in the
presence of impedance mismatches or even infinite input impedances.




Example 2.20

Compute the noise figure of a shunt resistor Rp with respect to a source impedance Rg
[Fig. 2.49(a)].

2
Vi.out

(b)
Figure 2.49 (a) Circuit consisting of a single parallel resistor, (b) model for NF calculation.

From Fig. 2.49(b), the total output noise voltage is obtained by setting V;, to zero:

V2 o = 4kT(Rs]|Rp).
The gain is equal to
Rp
Ag = ———.
Rp + Rg
Thus,
(Rs + Rp)* 1
NF = 4kT(Rs||R
(Rs||Rp) i IKTR;

=l+&_
Rp



Example of Noise Figure Calculation

Compute the noise figure of a shunt resistor R, with respect to a source
_impedance Rg

[Solution: ]

Rs prmmemmmne- ' yqz,out
W— | ° Vou °
§+ : t —
Vin E :
— E Rpi RS Rp
Setting V,, to zero: | Rp
‘/z Jout — — 4]‘T(R ) AO: RP‘|‘RS
(Rs+ Rp)* 1
F = 4FT(Rs||R
Rg
= 14+ —
+ Ry

= NF is minimized by maximizing Rp
= For max. power transfer => Rp=Rs => NF =2 or 3 dB



Example of Noise Figure Calculation

Determine the noise figure of the common-source stage shown in below (I
respect to a source impedance Rg. Neglect the capacitances and flicker n
M, and assume /, is ideal.

[ Solution:

Voo Voo
I I4

Vout VanS ° Vout
VoAl O

NF o~ YETgnrh + AT Rs(gnro)® 1

(gm0 )" . 4T R s
5
= 1.
9m R_S *

This result implies that the NF falls as Rg rises. Does this mean that, even though the amplifier
remains unchanged, the overall system noise performance improves as Rg increases?!




Noise Figure of Cascaded Stages (| )

Stage 1

Stage2

NF o1

‘/;-u.t R; il Rz n2
— 1_1 v 1 1'4,02

- ";,z le + RS RmZ + Rou,tl

RuzZ
(Rmz + Ruutl )

72
‘ n,0ul 1

‘/z out ‘112 + ‘/zl ‘A

— 1 .

+ A AETRs
— 1 T .

* ( Rin )2 42 kT Rs

R-inl + RS ol
Vi 1
+ TR
4kT R

( R’inl ) ‘ _12 ( R@'*nz )2 142
R-zf'n.l + R S vl Rz'.n.Z + Ro utl v



Noise Figure of Cascaded Stages (1I) L

Ve, 1 NF, —1
NIy =1+ - NIy = NFE -
; R?, 2, T Ry V=N R? R
(RmZ + Ruuél)z‘ (le + RS)ZA LlRuutl

P _ ‘72 le 12 1
out, ,av 171 2 < vl ’ '
(RS + szxn,l) 4Rou.tl

‘1,72

n

PS,asv — AR
S

This quantity is in fact the “available power gain” of the first stage, defined as the “available power”
at its output, P, ., (the power that it would deliver to a matched load) divided by the available
source power, Pg ,, (the power that the source would deliver to a matched load).

NF,—1
NFyu=NF + ——
Api
_ , NF,—1 NFE, —1
NFy=1+4(NF — 1)+ —2— ... 4

flpl x‘qu e 44]3(*/72,—1)

Called “Friis’ equation”, this result suggests that the noise contributed by each stage decreases as
the total gain preceding that stage increases, implying that the first few stages in a cascade are the
most critical.



Example of Noise Figure of Cascaded Stages L

Determine the NF of the cascade of common-source stages shown in figure
below. Neglect the transistor capacitances and flicker noise.

[Solution:]
Ruzl — RmZ = X

VZ o1 I 1
NF =1 nl ’12
T2 Wi Rs T AT, AZ, ART R Vinéi

where

‘,21 45T~ ¢ Jml’ 01 ‘,12 4ATAJ[722702 4 1 = m17T01, and 4 2 = Gm2T02

‘\ -;,
_I_

NF =1+
gmlRS /2n1 OlJmZR‘v




Noise Figure of Lossy Circuits

Thevenin
Equivalent
Rs Rout |
e} ?Ut E 7o) Rout
! Lossy + : ! o
+ ; —_—
Vin Circuit <_l %RL Vout A VThev i %RL Vout 4KTRout y R Vnzout
-_ I | I © : ° _ 5 o) ,
- Rin Rout A s e e mn s man
The power loss is calculated as:
RZ
2 _ Al L
L — P,fn/Pout " nout — 4ATR0.U¢ (RL —|_ Routb)z
[ = ‘72“1' 7 ut A "'J‘Th.e v RL
/ o 5‘ I/ O — 7
Ther ‘m RL + Bout
. _. Vi 1
1\ F — 4kTRou.t

L.

‘rjghet 4kT RS



Example of Noise Figure of Lossy Circuits L

The receiver shown below incorporates a front-end band-pass filter (BPF) to
suppress some of the interferers that may desensitize the LNA. If the filter has a
loss of L and the LNA a noise figure of NF,,,, calculate the overall noise figure.

[ Solution:

\l/
Denoting the noise figure of the filter by NF,, A
we write Friis’ equation as m ’ > Vour
) . NFpnag—1

= L+ (NFipnva—1)L
= L-Nkpna,

where NF,,, is calculated with respect to the output resistance of the filter. For example, if L
=1.5dB and NF,,, = 2 dB, then NF, ;= 3.5 dB.



_|_
Example: NF of a receiver chain

N4

Diplexer

RX | Pre-select " IF SAW
Filter ‘ Filter [~

LL.=1dB l.L.=1.5dB , Conversion |.L.=4dB
= ! Gain=18dB  Gain=54B
NF=2dB  NF=gdB

Overall Noise Figure = ?

A. Thanachayanont RF Microelectronics
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Example: NF of a receiver chain

Method |: Brute force Frii's Formula

: ; Gi=-1dB G2=-1.5dB G3=18dB G:=5dB Gs=-4dB
NF:1=1dB NF2=1.5dB NF3=2dB NF:=8dB NFs=4 dB

Diplexer
RX | pre-select " I[F SAW .
Filter . Filter

.L.=1dB | .L.=1.5dB - Conversion |.L.=4dB
' GaT'1 8dB  Gain=5dB
NF=2dB NF=8dB
o —1 F5—1 Fy—1 Fs—1
Fip = F
e e R Y N A AN e N NN A AT
1.5 2 8 4
107 —1 10 -1 1078 — 1 1078 — 1
Ftot = loﬁ'*' : — + : —-1.5 + - 18 + - —11:

10T 10T -1076 10T -1076 - 1016 1070 - 10756 - 1070 - 1010

o

Ftot =298 => .i?\rFtot = lOlogFtot =4.7 dB

A. Thanachayanont RF Microelectronics
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Example: NF of a receiver chain

Method | |: Combine Lossy stage and active stages, then Frii’s formula

Gi=-1dB -1.5dB +18 dB =15.5dB G2=5dB G3;=-4dB

/ NFi=1dB+15dB+2dB=45dB NF2=45dB NF:;=4dB
.‘.-Il.ll...-lllll.llll.l..l.-.l.l...
. Diplexer .
. RX | Pre-select . IF SAW >
. Filter . Filter
" LL=1dB IL=1.5dB % Conversion  |.L.=4dB
: | Gain=18dB 7 Gain=548
...I..II.IIJI.....I..I..l..IN.F:?(j?I.’: NF=8dB

Tx

8 4
Fob-1 F-1 ) 1010 —1 10170 — 1
: + > = 10% + 55 T s

G1 G2 107 1016 x 1016
N F, = 10l0g(2.968) = 4.725 dB

A. Thanachayanont RF Microelectronics

Fiot = F1 + = 2.968




Sensitivity and Dynamic Range: Sensitivity

» The sensitivity is defined as the minimum signal level that a receiver can
~ detect with “acceptable quality.”

SN Rzz;n
SN R
P,/ Prs
SN R,

NF =

P.s-z'g =P RS ° NIE - Sl\rRout
Pgiyior = Prs - NF - SNR,,, - B

Psen Ia'.Bm — PRSldB’/n/Hz + l\"TFldB + ‘S'NRm.«m iB + 10 lOg B

Psen = —174 dBm/HZ + NF + 10 10g B + SiNTRmin
\ J

NolsoFlor




Example of Sensitivity L

A GSM receiver requires a minimum SNR of 12 dB and has a channel bandwidth of
200 kHz. A wireless LAN receiver, on the other hand, specifies a minimum SNR of
23 dB and has a channel bandwidth of 20 MHz. Compare the sensitivities of these
two systems if both have an NF of 7 dB.

[ Solution: ]

For the GSM receiver, P, = -102 dBm, whereas for the wireless LAN system, P, =-71 dBm.
Does this mean that the latter is inferior? No, the latter employs a much wider bandwidth and a
more efficient modulation to accommodate a data rate of 54 Mb/s. The GSM system handles a data
rate of only 270 kb/s. In other words, specifying the sensitivity of a receiver without the data rate is

not meaningful.



Py

Dynamic Range vs. SFC

|
|
|
|
Performance |
A Limited by | A
log Compression | log
scale | scale
|
|
|
|
Sensitivit Performance | Sensitivit
y Limited by | Y
Receiver E Noise | Receiver — |
Integrated Noise — - | Integrated Noise —
f |
» Dynamic Range: » SFDR:

Lower end equal to sensitivity.
DR = Max Tolerable Signal

Min Detectable Signal

Higher end defined as maximum
input level in a two-tone test for
which the third-order IM products

do not exceed the integrated noise
of the receiver




SFDR Calculation

Refer output IM magnitudes to input:
Po'u.t — PIJ\J,ou.t

Prips = P, + 5

P IMin — P IM out — C; Pi'n — Loyt — G
Py, — Prarin

Prps = P+

2
3P = P
— 5 ’
2P Pra, mn
P = 11P3 + LM, |
3
P _ 2P1p3+ (—=174dBm + NI+ 10log B)

3

SFDR — Pl:"fl,’mﬂél‘ o (_ 174 dBm ‘|‘ i\vF ‘|‘ 10 108 B ‘|‘ JSVJNFR’T7Q."£’7'Z)

— NF —10log B
— Z(PIIPS —|_ 174 dBH; 0 Og ) - ;511\TR771¢77J.




Example Comparing SFDR and DR L

The upper end of the dynamic range is limited by intermodulation in the presence
of two interferers or desensitization in the presence of one interferer. Compare
these two cases and determine which one is more restrictive.

[ Solution: ]

?
P 1—dB 2 sz-*/z,,m axr

Since P’1—45 = Prrp3 — 9.6 dB

> 2T _ N[
Prips — 9.6 dB% 2Prrp3+ (=174 dBIgn-I— 4+ IOIOgB)

5
Prrps — 28.8 dB? —174dBm + N F + IOIOgB

P 1—-dB > PZ:?’Z-,”I?'L ax




Blocking Dynamic range

Blocking Dynamic Range (BDR)
Here we assume, Pinmax = Pids.

Hence, BDR = PldB — F — SNRmzn

(NB: theoretically, Pigg ~ Pups - 10 dB)

A. Thanachayanont RF Microelectronics
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Example: Dynamic range

Consider an amplifier with the following specification

Gain

BW

NF

Pids

11P3

30dB

200 MHz

6 dB

30 dBm

40 dBm

MDS is 6 dB above thermal noise power level

A. Thanachayanont

Blocking Dynamic Range = ?
Spurious Free Dynamic Range = ?

RF Microelectronics
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Example: Dynamic range

SNRyin =6 dB

Noise power level:
F=—-174 dBm/Hz+ NF + 10logB = —174 + 6 + 10log(2 x 10%) = —85 dBm

Minimum Detectable Signal: Pi, min = F' + SN Rpin = -85+ 6 = —79 dBm

Blocking Dynamic Range: BDR = P4 — Pinmin = 30 — (—79) = 109 dB

2(Prrp3 — F)
3

— SNR i = 240 “3(—85)) —-6="773dB

SFDR =

A. Thanachayanont RF Microelectronics
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Passive Impedance Transformation:

Quality Factor

» Quality Factor, Q, indicates how close to ideal an energy-storing device is.

Rp Rp
Rs c M Rs L
e 3
C L
: L
_ Cw _ fir )y = =¥ ), = e
QS — R_s QP o 1 Q‘S RS QP Lu)
Cw



Series-to-ParaIIeI Conversion

S mh o i

II
p

R,SC?S.S —|— 1 o R,p
(_75*8. B RPCTP.S -+ 1

RpCsjw=1—RpCpRsCsw® + (RpCp + RsCs)jw.

RpCpRsCsw® = 1
~f ~f ~f - [ QS:Qp ]
RpCp+ RsCs — RpCs = 0.

1

—

R R
P RSCZ ‘ o QZ 1
| Jo >
Rp = (Q,Z* 1)Rs g
Cp = —22

&

C-,* 3 Y Y
QF+1 7’ Cp = Cs.



Parallel-to-Series Conversion

Rp
o_+—Wv—+_o Rs Cs
! B o W—F
Cp
P B
'R. ==L
0 Q
C.=Cp!

__________________

» Series-to-Parallel Conversion: will retain the value of the capacitor but raises the
resistance by a factor of Q ?

> Parallel-to-Series Conversion: will reduce the resistance by a factor of Q,?




Basic Matching Networks

L4 C4
L Ri(1 = LiCw¢ + 7 Lw °—’ZSISIS\—l— — T ———
Zm(JW) — L(\ 1- : ), L M~ Ci =R [ =Rg
l—l-jRLClw e T .
Thus RL in in
, Re{Z;, = (a) (b)
1 Zin] 1 4+ R:(C%w?
_
e
RO
Ly = 2 (12 .2
1+RLCIW -
R
1+ QF
If > 1 Re{Z. )\ =~
Q c{ Zin} RLCizwz
1

Ll -




Example of Basic Matching Networks L

Design the matching network of figure above so as to transform R, = 50 Q to 25 Q
at a center frequency of 5 GHz.

[ Solution:

%

1 L L
RC {Z@fn,} - 9 5 1 ! C1

L = —. [~ 17 I7 T

Assuming Qp? >> 1, we have C, = 0:90 pF and L, = 1.13 nH, respectively. Unfortunately,

however, Q, = 1.41, indicating the Qp2 >> 1 approximation cannot be used. We thus obtain C,
= 0:637 pF and L, = 0:796 nH.



Transfer a Resistance to a Higher Value

Cy C, €4

o—u—l— ——I— o T
™ TC1 =R, ™ =Rs Ceq T = Riot
o

Yin © Y
If Q2 > 1 Re ~ [Ry(Cw)?]™! Cs =~ (]
o . y C1C5
Viewing C, and C, as one capacitor, C,, ., =
Ry =

/e_q - -

1 Cr1+ O
Rs(Cyw)?
~ 2
()
('
For low Q values Y, = Jwlh(1 .‘|’ ]'WRLC.I)
| 1+ R (C1+ Ch)jw
1
Re{Y..}

= L r <1+Cl)2
TR CRE TR )

Rtot —




Another Example of Basic Matching Networks L

Determine how the circuit shown below transforms R, .

[ Solution: ]

L1

L e - 1

rI

We postulate that conversion of the L,-R, branch to a parallel section produces a higher
resistance. If Q%2 = (L,w/R,)? >> 1, then the equivalent parallel resistance is

Rp = Q%Rr
L%wz
Ry

The parallel equivalent inductance is approximately equal to L, and is cancelled by C,




L-Sections

Re{Z,} >R

For example, in (a), we have:

"';:J-u.t _ \/ RL | 1 out Re { Zz n }
"'afi 7 Re { Z n } ]z n N R L

a network transforming R, to a lower value “amplifies” the voltage and attenuates
the current by the above factor.




Example of L-Sections L

A closer look at the L-sections (a) and (c) suggests that one can be obtained from

the other by swapping the input and output ports. Is it possible to generalize this
observation?

Rg
[Solution: ] Rs o
Wy Lossless o Wy 0
+ i L+
vin Passive R_ Vout ﬁ ‘-l RL Vout
- Network ° J(_x - T | o
] = oR_ - = R

o

Yes, it is. Consider the arrangement shown above (left), where the passive network
transforms R, by a factor of a. Assuming the input port exhibits no imaginary component,
we equate the power delivered to the network to the power delivered to the load:

(t,a akly )2 S v, = vin M
o Cl‘RL -|- RS Cl‘RL N RL » oue \/H RL —|— Rs

If the input and output ports of such a network are swapped, the resistance transformation
ratio is simply inverted.




Impedance Matching by Transformers

Rs .
Y 1:n ° Vout
+
Vin ) |_> R,
= Rin 5

‘/I% / R;, = nZ L:,?z / RL

Rm — RL/’N‘Z



[
Loss in Matching Networks

We define the loss as the power provided by the input divided by that delivered to R,

%
Pin — =
BS + Binl
P, — (V Lin1 )2 . Pin Lossy Matching Circuit p,
| " R_S + R'i*n.l le E> RS L1 E>

T —y— Vout
Pz?"/z. + ; ;
Loss = 5~ viné_ Rl' %615 %RL

— 1 _I_ RS = E. .......... I.r.lj .................
B R'zﬂn.l
3
Pz?n. — out _ &
Rr|[R; Loss =1+ R,
Vi Re + Ry

R, Rp



Scattering Parameters

Rs |
Wv vout
+ b ———————t
vV |:" >
In / - RL= RS

Wave

» S-Parameter: Use power quantities instead of voltage or current

» The difference between the incident power (the power that would be
| delivered to a matched load) and the reflected power represents the power
delivered to the circuit.

Rs
W7 * Vo= SV St
V. Y Vi = | Two-Port] <+ V2 R 1 — 11V 12
in - _ L
<V, | Network | /- .
L 2 Vim = Su VT4 SVt




S, and S,

R
M\ S |
+ V1+—> Two—-Port - » §),is the ratio of the reflected and
Vin ()_ <V | Network RL  incident waves at the input port
L . when the reflection from R, is
Vico | zero.
Vo 2 > Represents the accuracy of the
~f 1 1 1
T |1,f2+:0 ................. input matching
Rs RL
ANV - v+ NV
Two—Port A + A —————
_ NW(: okr _ Vx: > §,,is the ratio of the reflected
-~ V1 etwor V., — .
2 - wave at the input port to the

¥ incident wave into the output port
V- . when the input is matched
_ V1

—| i > Characterizes the reverse isolation
212 — ‘v_l_ ‘._.r1+ —0 : :
2



S,,and S,,

R . |
st l . » S, is the ratio of the wave incident
-+ :

v + Vi | Two-Port R on the load to that going to the
in ( . < | Network v; L input when the reflection from R, is

Zero

!
v2+= 0 > Represents the gain of the circuit
Go1 = £|
P21 — "l-l" V;F=0
Rs Ry
Wy — M e — T ——
Two-Port] <+ V2 + . > S,,Is the ratio of reflected and
VX i . . |
Network | = - incident waves at the output when
S  the reflection from R, is zero
Vi=0 > Represents the accuracy of the
) Voo output matching
5900 = — |+ _ T
‘,_,.Z-I— |11 =0



Scattering Parameters: A few
remarks

> S-parameters generally have frequency-dependent complex values
> We often express S-parameters in units of dB

'Sf’m. n |d B — 20 lOg |’Sf mmn |

» The condition V,"=0 does not mean output port of the circuit must be
~ conjugate-matched to R, .




[
Input Reflection Coefficient

In modern RF design, S,, is the most commonly-used S parameter as it quantifies the
accuracy of impedance matching at the input of receivers.

@s
Yo+
Vin <> Receiver

> Called the “input reflection coefficient” and denoted by G,,, this quantity can
~also be considered to be S,, if we remove the condition V,* =0




Example of Scattering Parameters (] ) L

Determine the S-parameters of the common-gate stage shown in figure below
_(left). Neglect channel-length modulation and body effect.

Y, lV2—>
R=R
CY % L S
Vin TCX

Drawing the circuit as shown above (middle), where C,, = C;5 + Csg and Cy = C5p + Cpg, We
write Z,, = (1/9,,)||(Cyxs)' and ) Zin — Rg
o= Zin + Rs
1 — g(]r,nR,_q - CXS
1+ g,Rs+Cxs

For S,,, we recognize that above arrangement yields no coupling from the output to the
input if channel-length modulation is neglected. Thus, S,, = 0.




Example of Scattering Parameters (1I) L

For S,,, we note that Z,, = R,||(Cy s)"' and hence

Zou(. — Rs

Zoué + Rs
Rs— Rp+ RsRpCys
Rs+ Rp + RsRpCys

;5122 —_

Lastly, S,, is obtained according to the configuration of figure above (right). Since V,/Vin =
(V/V)(Vi/Vin), V3 Vx = gulRolIRsII(Cy 5)7'], and VWV, = Z;, /(Z;, + Rg), we obtain

Vv, ( 1 ) 1
= (m R R
“/Ylt"ll» ,_(] D| | > | | CY§7-S 1 —I_ g»',n_‘R,g —I_ R,S' C'YAY S

1
1+ f/-mkRS + RS(‘YX'—Q .

y 1
$21 = 29, RollRsll 7~ )



