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Analysis and Design of Low-Distortion
CMOS Source Followers

Xianping Fan and P. K. Chan

Abstract—This paper presents the analysis of CMOS tech-
nology based nMOS source follower (NSF), pMOS source follower
(PSF), and cascade-complementary source follower(CCSF) using
a simplified large-signal model. Three new large-signal second
harmonic equations and high-frequency transfer functions are
derived. Optimization strategies which permit optimal design for
low-distortion NSF, PSF, and CCSF are proposed. This includes a
new complementary linearization method introduced for CCSF.
With employment of dedicated optimization, the CCSF can achieve
significantly better low-distortion broad-band characteristics than
the other schemes. Comparative HSPICE simulated results for
the three source followers have shown good agreement with the
second-order analytical results using the simplified BSIM3 model
equations.

Index Terms—Buffer, CMOS circuit, harmonic distortion, large-
signal model, linearization, source follower.

1. INTRODUCTION

OURCE followers are general building blocks in a large

number of high-speed or high-frequency applications [1],
[2] because of their intrinsic simplicity and high bandwidth
characteristics. However, they suffer from several nonideal
effects, including body effects, channel-length modulations,
signal-dependent capacitive effects and frequency-dependent
distortions arising from the capacitive load. These nonideal fac-
tors create a tradeoff between linearity, bandwidth and power
consumption that present a significant design challenge. The
cascode approach [3] is proven to yield high linearity but it may
not be suitable for use in modern very large-scale integration
(VLSI) deep-submicrometer CMOS processes with low supply
voltages. Therefore, the main objective of this paper is to devise
a linearized technique for source followers that allows for
wide-bandwidth, low-distortion operation without a substantial
increase in power consumption at a single 3-V supply.

The distortion analysis of a standard MOS source follower
has been reported in [4]. This analysis is based on nonlinear
parameters, ¢,, and ¢qs, in a low-frequency small-signal
model. Further distortion analysis using the methods of [5],
[6] extends the peculiar small-signal model with additional
frequency-dependent capacitive effects, enabling the analysis
of high-frequency distortion in analog integrated circuits. When
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the signal amplitude is increased to sufficiently high levels,
the large-signal analysis approach introduced in the foundation
work by [7] may be suitable because it deals directly with
the nonlinear large-signal current source. Despite the fact that
the analysis [7] is conducted on a low-frequency basis, the
high-frequency distortion behavior of pMOS source follower
(PSF) and nMOS source follower (NSF) has been addressed in
recent research efforts by [8].

Thus, the second objective of this paper is to analyze and in-
vestigate the high-frequency harmonic distortion performance
of the source followers using a large-signal approach. In view
of the complexity introduced by including every parasitic of the
large-signal model [9] in second-order analysis, a simplified ap-
proach has been adopted in this work to eliminate nondomi-
nant parasitic elements so that the ultimate model is amenable
for hand analysis without losing much accuracy. This analysis
is crucial because it provides significant insight as to how the
process and design parameters impact the linearity of source fol-
lowers under high-frequency, large-signal conditions.

Section II describes a fundamental large-signal model with
frequency-dependent parasitics for an MOS transistor. A sim-
plified model of the same is also presented along with simplified
BSIM3 model equations and assumptions for the harmonic anal-
ysis. In Section III, the application of a simplified large-signal
model to the derivation of the dominant second harmonic anal-
ysis and the high-frequency large-signal transfer functions of
NSEF, PSF, and CCSF is presented. This application illustrates
how the nonlinear terms are originated and mutually subtracted
in the process. In Section IV, the performance of the three source
followers is observed. A case study is provided of the distortion
optimization of an NSF. This is then followed by a summary of
the optimization procedures for all the source followers. Con-
cluding remarks are made in Section V.

II. LARGE-SIGNAL MODELS AND ASSUMPTIONS

Fig. 1 shows a complete large-signal model for an MOS tran-
sistor [9]. The primary purpose of the diodes is to model the
dc leakage currents which are small enough to be ignored in
dc analysis. For ac consideration, the parasitic resistors and ca-
pacitors are key elements that determine the frequency response
of the MOS transistor. In typical CMOS submicrometer tech-
nology like the 0.35-pm CMOS standard process, it can be es-
timated that the maximum time constant is 3.25 ps for a 10-pF
capacitive load (using an example of a practical nMOS transistor
layout with channel width W = 200 pm). Consequently, when
operating in the range of a few hundred megahertz with the given
technology, neglecting p and rg does not cause significant in-
accuracy in the prediction of the harmonics of the source fol-
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Fig. 1. Complete large-signal model for MOS transistor.
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Fig. 2. Simplified large-signal model for analysis of source follower.

lowers. For parasitic capacitors consideration, Cgp can be ne-
glected due to the shield of the inverted channel. Cgp is treated
as a parasitic capacitor with a constant value when the transistor
operates in the saturation region. Cgg in conjunction with the
lumped output capacitive load, contributes to a feed-forward ef-
fect. However, as far as the output follows the input in source
follower design and the effective output capacitive load is made
dominant, Cgg can be ignored for simplification, without in-
troducing unacceptable levels of error. Although the nonlinear
junction capacitances, Cgp and Cgg, are subject to signal-de-
pendent bias, their capacitances can be treated as nominal ca-
pacitances based on nominal biasing voltage for simplified anal-
ysis. Taking into account the dominant elements mentioned,
a simplified large-signal model that is suitable for the large-
signal analysis of source followers is depicted in Fig. 2. In con-
trast to the voltage-controlled current source in the small-signal
model, the current source 1, is a large-signal current source and
the model includes second-order effects such as body effect,
channel-length modulation, and so forth. All the transistors in
the source followers are assumed to operate in saturation region.
All the equations presented in the following paragraphs refer
to the nMOS transistor. In general, the subscript n denotes
nMOS based parameters whilst p denotes the pMOS based
counterparts. Prior to the analysis, we describe the assumptions
relating to the other dominant second-order effects as follows.
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A. Body Effect

Body effect occurs when the bulk potential is not equal to
the source potential in an MOS transistor. This is a significant
effect because of the increasing value of threshold voltage that
arises through bulk modulation and the generation of a domi-
nant second harmonic that dictates the total harmonic distortion
(THD) in a large-signal condition. The threshold voltage for an
nMOS transistor can be approximated as

Vinn = Vinno + K1,(v/2®p + Ve — V281) (1)

where Vi, 0 is the threshold voltage when bulk is connected to
source, K1, is the first-order body coefficient and ®¢, is the
Fermi level.

B. Channel Length Modulation and Bulk Charge Effect

The channel length modulation causes error in low-frequency
gain and generates harmonics. It is particularly pronounced for
short channel transistors. For accurate hand analysis, the drain
current using the nonideal square law equation [10] for nMOS
transistors is assumed as follows:

_ kLW

2Left Abulk n

with Apukrn, =2 1+ (AUnKln)/(E\/ 20y, + VSB) and k;z =
tonCox, Where g, is the mobility of nMOS device, Cy is
the gate capacitance per unit area, Ap,x,, represents the bulk
charge factor due to the nonuniform depletion region along the
channel and Ay, is the bulk charge coefficient. For ease of hand
analysis, \,, is simplified from the BSIM3 model equations [10]
as follows:

14 (Vas = Vinn)2(1 + A, Vbs) )

N 1
" Vi Vit + Vacu

3
with
Vasat =FsatLet + Vasat, VacLum
:(1/PCLNIH)(Abulk nEsatLeH
+ (Vgs - ‘/th))/(AbulknEsatln)(Vds - Vdsat)
and

ln =V/(esiToxXn)/ (ox)

where Pcryn is the correction factor for channel length mod-
ulation, Xy, is the junction depth, and F,,; corresponds to the
critical electrical field at which the carrier velocity becomes sat-
urated. Since Esathﬂ > Vdsat, AbulkEsathff > (Vgs - I/vth)v
and Vs > Viysat in this application, (3) can be simplified as

1 1

- = L@
Vasat + Vacrum EeatLegr + L Lex Vs

Pcrvn n

An

III. ANALYSIS OF SOURCE FOLLOWERS
A. Harmonic Distortion Analysis

The linearity of a circuit can be evaluated by the harmonic
distortion. The second harmonic distortion is most significant
under the large-signal condition [8]. It is typically at least sev-
eral times larger than other distortion terms, so its value can be
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Fig. 3. NSF.

approximated as the total harmonic distortion. According to the
power series expansion in [7], [11], the input—output function of
a nonlinear system is normally expressed as

Vi= (V)
> )V =
=> ! (Vonv Yoa) (Vo = Vo)™
n=0 ’

> ba(vo)vy ®)
n=0

with by = f(VO = VOQ), by = fl(Vo = VOQ) and by =
(f"(V, = Voq))/(2), where the input voltage V; is a function
of the output voltage V. Since the constant by is the dc input
voltage, (5) can be written as

oo

0i =Y bn(ve)" = brvo + byv] +bgvd +---. (6)

n=1

To find the harmonic distortion, (6) can be rearranged [13] as

Vo = Z an (V)" = a1v; + agv? +azvd + . (7)

n=1

According to (6) and (7), it can be related that a; = (1/by)
and a; = —(by/b3). Let v; = V,,sinwt, where V,, is the
peak amplitude of input signal. We have v, = a1V, sinwt +
az(V,, sinwt)? + - --. Thus, the second harmonic distortion of
a nonlinear system is obtained as [14]

1 by
2b3

1
HD, =~ =22y, —

5 ar Vin. ®)

1) nMOS Source Follower: The NSF in Fig. 3 consists of an
nMOS input transistor and an nMOS current source that drives
a capacitive load C'r,. The composite input signal V; consists of
the dc biasing voltage Viq and the ac signal v;, whereas the com-
posite output signal V,, consists of the dc biasing voltage Voq
and the ac signal v,. For n-well CMOS process, the bulks of
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nMOS transistors My,, and Ms,, are shared with the same sub-
strate. As aresult, the NSF suffers from a body effect. Distortion
analysis [7] based on a low-frequency model is well established
to reveal a nonlinear bulk modulation term. However, this may
not be adequate for broad bandwidth source followers, in which
both capacitive load current as well as bulk charge effects con-
tribute additional distortion terms.

Using the input and output notations while applying the
simplified large-signal model (Fig. 2) to NSF in Fig. 3 yields
the equivalent circuit of Fig. 4(a). With further simplification,
Fig. 4(a) in turn leads to Fig. 4(b), where the equivalent ca-
pacitive load is CLeqn = CL + Cisin + Cip2n + Cab2n-
The ac current passing through the capacitive load Cheqn is
JwCreqn(Vo — Vogq). It will be significant when the circuit
operates at high frequency. As a result, the input transistor Mj,,
conducts a summed current of I = I, + I.,, with I,, and I,
representing the dc biasing current and the frequency-depen-
dent capacitive load current respectively. Using (2) and the prior
defined terms in Fig. 4, the relationship between the currents in
the transistors and capacitive load can be approximated as

I, =I—1,
1Ky, (W/Lett)1n(Vast — Vinn)?

2 Apulkn

— jwClLeqn(Vo — Voq) )

with Vit = Vitno + K1, (V284 + Vo — V24 ), Apuikcn =
14 (AonK1,)/(2v/2Ps, + V). Tt is noted that the channel
length modulation is ignored because the nonlinearities arising
from the body effect are dominated in NSF. From the definition
of Vas1 = V; — V., (9) can be rewritten in a form as

Vi=f(Vo)
:‘/0 + ‘/thn(] + Kln(\/Z(bfn + Vvo - \/2¢fn)

] C eq n
¥ Avn\/Abulkn [1 4 ey yoo)| (10)

I,

where AV,, = +/(21,,)/(kl,(W/Leg)1,) is the fundamental
first-order gate-overdrive voltage of the input transistor. As
can be seen in the fourth item of (10), the second-order ef-
fect contributed by the bulk charge factor Ay, and the
frequency-dependent capacitive item becomes a multiplication
function for the gate over-drive voltage. It is reasonable because
the capacitive current modulates the gate-overdrive voltage
at high frequency. From (8) and (10), the second harmonic
distortion of NSF is approximated as shown in (11) at the
bottom of the page (see Appendix A), where Apyikn_¢ iS
defined as the bulk charge factor when V, = Vpq. In the
numerator of (11), there are three nonideal terms arising from
second-order effects. The first body effect term is caused by
the fundamental modulation of the threshold voltage. The

—Kl,

16(2®¢, +Voq)3/2 + 16 I,

HDs nsF =

1/2 2
AV AL ke n 0 (WCLeq n ) + AV, K1,Aq,
324172

[ 3 _ j@CLeq ]

: 7

bulk n_Q (2®2m+Voq)3/? 2(2®m+Voq) In

Vin

2
K1,
[1 + 2(2®e, +Voq)'/? ]

(1)
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Fig. 4. Simplified large-signal model of NSF. (a) Equivalent circuit. (b) Simplified equivalent circuit.
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Fig. 5. PSF.

second gate-overdrive term is linked to the capacitive load,
with frequency-dependent characteristics. The third term is
related to the cross-product term contributed by the interaction
between the first and second terms. Thus, the third term is
usually small when compared to the others. At low frequencies,
the second distortion term is relatively small and the harmonic
distortion is dominated by the body effect term, (—K1,)/
(16(2®4, + Voq)?/?). However, with increasing frequency,
the magnitude of the second frequency-dependent distortion
term in (11) becomes more pronounced. As this significant term
(AVn/IG)All)(fk n_Q((wCLeqn)/In)z has the opposite sign to
that of the major (—K1,,)/(16(2®s, + Vog)?/?) term, the fre-
quency-dependent distortion tends to counteract the body effect
distortion at high frequency. Therefore, minimum harmonic
distortion can be obtained at an optimum spot frequency.

2) pMOS Source Follower: When dealing with the circuit of
a PSF, it can be seen that most designs [8], [15] have utilized a
body-tied pMOS input transistor to remove the bulk modulation
based distortion and to improve the precision issue. However,
the transconductance efficiency is low in PSFs, resulting in a
small drive ability and a larger silicon area.

Fig. 5 shows a conventional PSF in an n-well CMOS process
which includes a pMOS input transistor and a pMOS current
source. By applying the simplified large-signal model of Fig. 2
and introducing extra bulk-well capacitance to PSF in Fig. 5,
we get Fig. 6(a). Fig. 6(b) is derived by further simplification

where the equivalent capacitive load is Ceqp = CL+Cpp1p+
Cip2p + Cap2p + Cyip, and Cy1p, is the bulk-well capacitance
of M;,,. Similar to NSF, the current passing through the capaci-
tive load C'cq , cannot be ignored at high frequency. Hence, the
input transistor M, conducts a current of I = I, — I, where
I, and I, represent the dc biasing current and the frequency-de-
pendent capacitive load current respectively. It is noted that I,
isequal to jwCleq p(Vo—Voq) Whereas I, is I, [1+ A2, (Vbp —
V,)] due to the channel length modulation of Ms, where I, rep-
resents the biasing current at quiescent point. In Fig. 6(b), the
relationship between the currents in the transistors and the ca-
pacitive load can be established as

IpO[l + )‘ZP(VDD - V:;)]

—I+1,
N lk;(W/Leﬂ)lp(VSGl — Vinpo)?
o 2 Abulkp
X (1 + )\11)‘/0) +j‘UCLeqp(‘/o - VOQ) (12)
where
1
)‘11’ = Ly eff and
EsatLlpeﬁ' + mlfo
1
)‘21” = Lop st
EsatLQpeﬂ' + PorLm plp (VDD - Vo)

are the channel-length modulation factors for M; and M> re-
spectively and Apukp = 1+ (AgpK1,)/(24/2Pgp,). From the
definition of Vsgq1 = V,, — Vi, the input voltage on the basis of
(12) can be expressed as (13) shown at the bottom of the page,
where AV}, = /(21,0)/ (K, (W/ Legt)1,) is the first-order gate-
overdrive voltage of the input transistor. Like the gate-overdrive
terms (10) in NSF that include the usual bulk charge factor and
frequency-dependent capacitive term, the multiplication func-
tion is further complicated with additional channel-length mod-
ulation factors as observed in the third item in (13). Using rou-
tine analysis to find the respective coefficients for b; and bo, and

Vi=fp(Vo) = Vo = Vinpo — AV,

Aptp[1+ Aop(Vor — V)] = 25522 (V,, — Vo)

13



FAN AND CHAN: ANALYSIS AND DESIGN OF LOW-DISTORTION CMOS SOURCE FOLLOWERS

1493

Fig. 6. Simplified large-signal model of PSF. (a) Equivalent circuit. (b) Simplified equivalent circuit.

applying the second harmonic distortion definition (8), the fol-
lowing equation is derived (see Appendix B):

HD»_psr

~ AVp\/Abulka Lipes

{ 4
16 m PCLMp lp

Xy Loy et
X /\2 _ /\2 PQ pe
( 1pQ 2pQ Apg L2

1peff
2 2 Llp eff 2
+ ()\QPQEsatLZp eﬂ) 3)\11)@ I - )\2pQ
2p eff

(EsatLlp eff)\po)

Lope
+ (ApoEsatLlp eﬂ)2 (3)\%1)Q — M 2p H)
2 .
+ (M) 4 99@CLeap
Ip(] IpO

L2 eff
X EsatLlp eff <)‘%pQ - )‘gpQ LIZ eﬁ'>} .

Note that A1,q, A2pq are the constant values for Ay, and Mgy
respectively when V,, = V. The appearance of the squared
lambda terms stems from the double differentiation of (13) to
obtain the coefficient by according to (5) and the definition of
(8). From (14), the second harmonic distortion of PSF is now
governed by the channel length modulation and frequency-de-
pendent factor. At low frequency, the frequency-dependent
terms are negligible such that the channel length modulation
terms become dominant. The harmonic distortion of PSF is
expected to attain a low value because of the subtraction from
the finite channel length modulation terms O‘i)‘%pQ - ﬂj/\%pQ
arising from two pMOS transistors, where «; and 3; denote the
respective constants for individual squared lambdas. It is also
observed that the HDs_pgp is basically the sum of all corre-
sponding difference of squared lambda terms having first-order
coefficient (FgatL1peA1pg) and higher order coefficients
(EsatLlpcﬁ‘/\po)2 and (EsatLgpoﬂ‘/\sz)Q. The PSF exhibits
better linearity than the NSF because the lambda-based terms
are smaller than bulk modulation terms at low frequency. How-
ever, at higher frequency, the dominant frequency-dependent
term ((wCleqp)/Ipo)? will swamp the finite values of the
lambda-based terms, and so the harmonic distortion increases
monotonically with frequency. Contrasting with the NSF, there
will be no optimal point using frequency-based optimization
strategies. Instead, low distortion PSF is resorted to for the
optimization of the channel length modulation factor through
the quiescent biasing voltage Voq.

(14)

O
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O
VDD
M2n | M1p 7
7 |t5lf,, 5 |
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L
V=V, led | v, l J_
— |7 i |7
r__ l HE- ! C.
M1n MZp i

Fig. 7. CCSE

3) Cascade-Complementary Source Follower: A cascaded
source follower structure can be implemented in two possible
forms: a cascade of PSF and NSF or a cascade of NSF and PSF.
Their usual common goal is to alleviate the level shift problem
arising from a single source follower stage. However, based on
the analytical results of the prior NSF, a possibility arises of opti-
mizing low-distortion CCSF—one that has never been reported
so far. Intuitively, the new linearization method is achieved by
generating the intentional body effect and frequency-dependent
effect from the bulk-modulated PSF (M, Ma,, ), with the bulks
being tied to the supply instead of being self-tied to the respec-
tive source in the first stage. This will compensate for those of
the nonlinear terms of NSF (M, M, ) with the common sub-
strate serving as the bulk in the second stage as shown in Fig. 7.
The NSF in CCSF is arranged in the final stage because it has
higher drive ability and bandwidth than its PSF counterpart.

The equivalent circuit of Fig. 7 is illustrated in Fig. 8(a) and its
simplification using a large-signal model is shown in Fig. 8(b). It
is noted that the equivalent capacitive load for NSF is Creqn =
CrL + Cssin + Cep2n + Cip2n and the equivalent capacitive
load for PSF is CLeqp = CBSlp + CBDQP + CGDQP + Capin.
The capacitive load of NSF is usually dominated by the linear
load C, whereas the capacitive load of PSF is governed by the
sum of nonlinear junction capacitances. As can be seen in Figs. 7
and 8(b), the input transistor Mj,, conducts a summed current
of I = I, + I.,. The composite signal V,. consists of the dc
biasing voltage Vxq and the ac signal v,,. Hence, similar to (10),
the input-output relationship of NSF can be expressed as

Ve =Vo+ Vihno + Kln(\/2(bfn +V, - \/2(Dfn)

jwcLeq n

7 (Vo = Voq)

+AVn'\/Abulkn [1 + (15)
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Fig. 8. Large-signal model of CCSF. (a) Equivalent circuit. (b) Simplified
equivalent circuit.

For PSF, the input transistor M7, conducts a current of I =
I, — I.p,. Similar to (13), the input—output relationship of PSF
can be expressed as

Vi= Vi = Vango = K1,(1/28g, + (Vop = Va) = +/28p)

7 (16)

p

jwOLe
—AVp\/Abulkp {1 _ M(Vz — Vxq)

where Apulk » 18 given in the prior NSF analysis and Ayl p =
1+ (AgpK1,)/(24/2®g, + Vbp — V) for pMOS transistor.
Since the expansion of the square-root based V, terms in
(16) would be small, it can be replaced with the first-
order approximated V, term from (15), with V, = V, +
Vas_g and Vas_g = Vinno+ K1, ((/2Pg, + Voo — V2P )+
AV, Apulkn- Substituting the V., (15) into the first term of
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(16) and the approximated V,, term into the square root terms
of (16), we obtain

I/'i = Vo + ‘/thn() + Kln(\/Zan + V;) B \/Zan)

] C eqn
+ AVn\/Abulkn [1 + W%(Vo — VOQ)]

~ Vitpo — K1,(1/2%¢, + [Vop — (Vo + Vas o))
— /2%g,)

jwCle
- AVp\/Abulkp [1 - Jlﬂ(Vo +Vas.o — VXQ)] )
p

7)

From our routine analysis as described before, the second
harmonic distortion of CCSF is as shown in (18) at the bottom
of the page (see Appendix C). From (18), similar to NSF,
the CCSF includes nonlinearities due to the bulk modula-
tion of threshold voltage, the gate-overdrive term with the
frequency-dependent effect via capacitive load and the non-
dominant cross-product term linked to the former items. All
items in the numerator caused by the NSF have their corre-
sponding counterparts with opposite signs generated by the
PSF. The low-distortion optimization strategy can be formu-
lated by (i) minimizing the summed value of the dominant
frequency-independent pair, —(K1,)/(16(2®¢, + Voq)*/?)
and +(K1,)/(16[28¢, + (Voo — Voq — Vas o)I*/?),
by finding the optimum Voq, and by (ii) minimizing
the summed value of the dominant frequency-depen-
dent pair, +(AVuA L, o)/ (16)(@CLeqn)/(1n))?  and
~(AV, A0, 0)/(16)((wCeqy)/(1,))%, by finding the op-
timum Cfeqp OF Cleqn for balance cancellation.

B. Large-Signal Transfer Function

Based on the input and output signals defined as V; = Vig+v;
and V, = Voq + v, Vi = f(V,) can be rewritten as

vi =—Vig+ f(V,)
=~ _Vig+ f(Vo =Voq) + fO(V, = Vog)v.. (19)

. Kln + AVnAll){jk n_Q WCLeqn 2
16(2®4, + VOQ)3/2 16 1,

n AV,K1,Ao, ( 3 _ 2ijLoqn)
6441 3 0 (2P + Voq)¥2 \ (2% + Voq) I,

1/2
+ K1, _ AVpAp iy (wCchp>2
16[2®¢, + (Vop — Voq — Vas_g)]?/? 16 I,
_ AV, K1,Aq, ( 3 _ 2juJCLeqp)
44172 280, + (Vo —Voq—Vas_o)]5/2 \2®p+(Vop—Voq—Vas_Q)] T,
HD,_cosp & —miep-a200 (T ZVoa ZVes o) Vi (18)

K1,

(1 + 2(2®¢,+Voq)1/?

N K1, 2
2[2%¢,+ (Voo —Voq —Vas_)]'/2
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Since, f(V, = Voq)
can be expressed as

= Viq, the large signal transfer function

Vo ., 1

v fOWV, =Voq)

For NSF, according to (10) and (20), the large-signal transfer
function of NSF becomes (21) shown at the bottom of the page.
For PSF, according to (13) and (20), the large-signal transfer
function is (22) shown at the bottom of the page. For CCSF, from
(17) and (20), the large-signal transfer function is obtained as
(23) shown at the bottom of the page. From (21), the voltage
gain of the NSF is smaller than 1, and the gain error is a complex
number. The real portion is mainly contributed by the body
effect term (K 1,,)/(2(2®g, + Voq)*/?) that is independent of
frequency, whereas the i 1mag1nary ortion is caused by the fre-
quency-dependent term ((AV, Abulkn 0)/2)(jwCreqn)/(In)
that is significant at high frequency Thus, the large-signal gain
exhibits dc gain error at low frequency and it rolls off at high
frequency. Due to the minute channel length modulation terms in
(22), the low-frequency gain of PSF is much closer to 1 than that
of NSF in (21). As in the NSF, the channel-length modulation
term is responsible for the real portion whilst the frequency-
dependent term is responsible for the imaginary portion. When
operation frequency is increased to high levels, the frequency-
dependent term in the imaginary portion becomes significant.
From (23), the low frequency gain error of CCSF is larger than
that of the NSF in (21) and PSF in (22) due to the summation of
the body effects in NSF and PSF. This can be regarded as a dis-
advantage of the scheme. At high frequencies, the gain decreases
because the frequency-dependent effect becomes apparent.

H= (20)

IV. RESULTS AND DISCUSSIONS

The process and design parameters used in hand calculations
to predict the second harmonic distortion results are shown in
Tables I and I, respectively. As the second-order distortion com-
ponent is much larger than the third and fourth harmonics under
large signal conditions, the second harmonic is very close to the
THD. The THD is therefore used to denote the linearity of the
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three source followers in simulation whilst maintaining reason-
able accuracy. In order to verify the second-order analytical re-
sult and compare the relative linearity performance, the THD of
NSF, PSF, and CCSF were simulated using realistic Level 49
BSIM3 models from 0.35-pm CMOS process technology.

A. Performance of Source Followers

For low-frequency verification, the input frequency was
chosen such that the frequency-dependent distortion compo-
nents are not of any significant impact and the harmonic distor-
tion is governed by the frequency-independent nonlinearities.
According to the prior analysis, these frequency-independent
nonlinear terms are functions of quiescent operation points.
Fig. 9 shows the variation of the THD of NSF, PSF, and CCSF
against different Voq at 10 MHz. In relation to the NSF, the
THD is decreased because the major bulk modulated component
(—K1,)/(16(2®s, + Voq)>/?) decreases with increasing Voq
as revealed in (11). For the PSF, the distortion characteristic
appears as a V-shaped function against the change of Voq. This
observation is consistent with the observation in (14) that it re-
sults from the mutual subtraction of the bias-dependent channel
length modulation terms (A1, A2pg) from the input transistor
and biasing transistor, with the degree of subtraction controlled
by Voq. For the CCSF, the minimum THD can also be observed
at a particular output quiescent voltage bias point because of the
involvement of a PSF that has a similar V-shaped function. The
optimum distortion point arises from the cancellation between
pMOS and nMOS based body effect terms, with dominant
components denoted as (—K1,,)/(16(2®s, + Voq)*/?) and
(K1,)/(16[2®5, + (Vbp — V foq — Vas.g)]*/?) in  (18).
This allows the CCSF to get low distortion at low frequencies.

For high-frequency verification, all the source followers
should start with optimum quiescent bias prior to investigating
the high-frequency distortion characteristics. Because there is
no formal optimal bias point in NSF as described above, the
Voq is preferably set at half the supply voltage. The Voq of
the PSF and CCSF are based on the optimized values according
to Fig. 9. The simulated high-frequency THD characteristics
of PSF, NSF and CCSF together with the calculated results

1

Hysr &
NSF 1 K1, AV, Kl,Aon AV, A2 o et @1
+ 2(2® +Voq)'/2 SA:J(.;]W (2P +Voq)3/? + > L
o 1 (22)
PSF =
AVP Am p jw eqp
1+ ﬂ {)‘%DQ satL2p off + )‘%PQESatLlpeH + %}
= 1
o s + KT, 23)
2(2®5, + Voq)¥/?  2[2®¢, + (Vop — Voq — Vas_g)]Y/?
AV, —K1,Aq, oG
+ 1/2 <4(2<I> + VO )3/2 + Abulkn_Q'}%>
2Abulk n_Q fn 0Q ;
+ AV, < —K1,Ao, A iw CLeqp>
bulkp O ———
240 4[2®5, + (Vop — Voq — Vas_Q)]*/? @

bulk p_Q
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TABLE 1
PROCESS PARAMETERS USED IN HAND CALCULATIONS
NMOS Process Parameter Value PMOS Process Parameter Value
Vino (V) 0.5 Vio (V) 0.69
K1, (V') 0.5 K1,(V'"?) 0.6
My, (m* 1V sec) 4.758*107 My, (m 1V sec) 1.482%107
T,(m) 7.575%10° T, (m) 7.754*10°
Fonm 0.695 Peiy 3.184
TABLE 1I
DESIGN PARAMETERS USED IN HAND CALCULATIONS
PSF NSF CCSF
Design Parameter
PMOS bulk tied PSF with PMOS | NSF in CCSF
At supply V=3V to source bulk tied to 7,
Biasing Current 1 mA ImA 0.1 mA 1 mA
Input Transistor ( /) 500 um 200 um 40 um 200 um
Input Transistor ( Z,,) 0.49 um 0.45 um 0.49 um 0.45 um
Biasing Transistor (/) 60 pm 60 pm 10 um 60 um
Biasing Transistor (Z,,) 0.49 um 0.45 um 0.49 um 0.45 um
Bulk-well Capacitance 0.25 pF - - -

-45
-50 |
-55 |
-60
-65 |
-70 4
-75 4
-80

-85 ‘
0.9

9w g NSFCal

NSF Sim.

THD (dB)

PSF Cal.
CCSF Cal.

1.3
Voo (V)

1.7 2.1

Fig. 9. THD versus Voq at 1 V,, input, 1-pF load and 10-MHz input
frequency.

NSF Cal.

THD(dB)
&
o

0 50 100
Frequency(MHz)

150

Fig. 10. THD characteristic of CCSF at high frequency and its THD
comparison with NSF and PSF based on 1 V/,, input, 1 pF load and optimal
Voq among the three schemes.

are illustrated in Fig. 10. For PSF, THD exhibits the highest
linearity at low frequency because of the elimination of the
body effect and because there is negligible contribution from
the high-frequency nonlinear factor. However, the linearity
degrades progressively with increasing the input frequency.

This confirms that the dominant frequency-dependent term
((wClLeqp)/Ipo)? overrides the minute channel length modu-
lation terms in (14). For NSF, although it displays the relative
higher nonlinearity at low frequency due to a strong body ef-
fect, the nonlinear effect is progressively compensated with the
increase in frequency. The view that the frequency-dependent
distortion component (AVTL)/(16)A}1){§1( 1.0 (WCLeqn) /1)
compensates the dominate body effect distortion component
(—K1,)/(16(2®¢, + Vog)?/?) in (11) is validated. As a
consequence, the NSF displays better THD result than the
PSF at a specific high frequency range. For CCSF, the THD is
lower than that of the NSF because the n-channel body effect
term is compensated by the p-channel body effect term via the
optimized Vpq in Fig. 9. Due to the potentially incomplete
cancellation between the cross-product terms as observed in
(18), the residual values that contribute to the THD will be
higher than that of the PSF. This explains why the THD value
lies between NSF and PSF, starting from a low frequency
range. For high-frequency distortion compensation based on
the design values of AV,, = 1.4V, Apuikn_@ = 1.48, Creqn =
1.05 pF, In =1 mA, AVp = 0.19 V, Abulkp_Q =
1.2,CLeqp = 0.092 pF, and I, = 0.1 mA in the CCSF,
it tuns out that (AVaA . o)/ (16)(wCLeqn)/In)? =

(AV, AT 0)/(16)((wCLeq,)/1,)%, and so the THD stays
constant from low frequency to high frequency. This is dif-
ferent with NSF where low distortion optimization is based
on compensation at a single frequency or PSF where the
optimal low-frequency distortion is continuously degraded
by increasing the frequency parameter. This also validates
the proposed distortion optimized strategy for the frequency-
independent pair using the optimized Vi and the frequency-
dependent pair using balanced frequency-dependent term
design as described in the CCSF analysis in (18).

For verification of the large-signal transfer functions, Fig. 11
compares the simulated frequency responses of the various
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Fig. 11. Large-signal transfer function of various source followers at 1 V},,

input and 1 pF load.

source followers with the hand-calculated second-order an-
alytical results. As in the simulated results, all the predicted
curves show a rolling off characteristic at high frequencies
but they also exhibit different low-frequency gain values. The
low-frequency gain of PSF is much closer to the ideal case
of unity. This is since the gain offset comes mainly from the
channel length modulation terms which are relatively smaller
than the nonlinear body effect terms in the NSF. The CCSF has
displayed the lowest gain because of the summed body effects
from both the NSF and PSF in the cascaded structure. This can
be regarded as a limitation of the CCSF scheme which is subject
to the values of the pMOS and nMOS process parameters.

The comparison of NSF, PSF and CCSF is summarized in
Table III. All the schemes permit the optimized THD value to be
less than 60 dB but with different frequency ranges. The CCSF
offers the most significant optimized THD performance because
it allows the circuit to operate with sustained low distortion in a
wide frequency range. Nevertheless, the NSF offers the most
bandwidth efficiency because the p-channel source followers
limit the operation frequencies of both the PSF and CCSF. The
discrepancies between the simulated and calculated results are
mainly due to the use of simplified large-signal model (Fig. 2),
simplified HSPICE BSIM3 model equations and because of the
assumptions made for simplifying the derivation.

B. Case Study

In order to demonstrate the proposed optimization method-
ology, a case study is provided. Let us consider an example that
uses the NSF design to illustrate the optimization. From (11), the
THD of NSF is a function of process and design parameters. The
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design parameters can be used to achieve the primary optimiza-
tion objectives. Since the quiescent output bias voltage Voq is
set at half a supply voltage, the design parameters are identified
as the biasing current I,,, effective capacitive load Ccqn, and
angular signal frequency w if the aspect ratio (see Table II) of
the input transistor is fixed in AV,.

To establish the relationship among the three parameters, the
real portion from (11) is considered while the relatively small
imaginary portion is neglected. Thus, (11) can be approximated
as (24) shown at the bottom of the page. Note that HD»_ngsF i
at a minimum when HDs_nsp = 0. Hence, the optimal angular
frequency is approximated as (25) shown at the bottom of the
page. It can be seen from (25) that the optimal angular frequency
Wopt 18 proportional to the biasing current I,, whilstinversely pro-
portional to the effective capacitive load Creqp, if the effect of

(1/AV,,) is small. (25) will be used for circuit optimization,
which can be demonstrated in the following specification cases.

Case 1) Find the optimal biasing current to achieve minimum
distortion at frequency 50 MHz and a capacitive load
of 1 pF.

Case 2) Find the optimal capacitive load to achieve minimum
distortion at frequency 50 MHz and a biasing current
of 1 mA.

Fig. 12(a) shows the THD under different biasing currents
when the input frequency is 50 MHz and the capacitive load is
1 pF. Obviously, there is also an optimal biasing current for min-
imum THD. Fig. 12(b) shows the THD versus different output
capacitive loads when the input frequency is 50 MHz and the
biasing current is 1 mA. It is also observed that minimum THD
is achieved at a particular capacitive load. By subtracting the
optimal capacitive load with the output junction capacitances
of NSF, the actual capacitive load Cf, is obtained. Therefore,
the optimization allows for the choice of appropriate biasing
currents or capacitive loads such that an NSF design can be
achieved with the optimized THD of less than —60 dB at dedi-
cated high frequency.

C. Summary of Optimization Procedures

For the sake of design simplicity, the optimization procedures
for the three source follower schemes are summarized. They
will follow largely common procedures, but some aspects will
be deviated to accommodate different nonlinear compensation
mechanisms. The procedures are generalized as follows:

1) Obtain a large-signal model for a source follower circuit.

2) Establish relevant large-signal equations with the inclu-

sion of dominant second-order effects.

( —K1, 72 AVnAi)é?k " (wc}eq " )2 n l/zAvnKlnAOn
16(2P¢, +Voq)3/* n 324 20, + Voo )3/2
HDy nsp . bulk n_Q( f 0q) Vi, (24)
K1,
(1 + Z(Zq’fn‘i’VOQ)]/Q)
oy & Kl L Aon (25)
opt = 1/2 - 1/2
Cleqn Ab{llk (2P + Voq)?/? AVn 2Ab{11kn_Q(2(I)fn + Voq)
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TABLE III
PERFORMANCE COMPARISON OF NSF, PSF, AND CCSF
Topology
Condition: V,; =3V, Load = NSF PSF CCSF
1 pF and 1V, input
Frequency range for Sim: 75-100MHz Sim: 0-35MHz Sim: 0-140MHz
optimized THD <— 60dB at Cal: 90-110MHz Cal: 0-45MHz Cal: 0-160MHz
optimal Voo
Low-frequency gain Sim: 0.848 Sim: 0.954 Sim: 0.705
Cal: 0.863 Cal: 0.987 Cal: 0.721
Large-signal -3dB bandwidth Sim: 1500 MHz Sim: 870 MHz Sim: 860 MHz
Cal: 1800 MHz Cal: 1170 MHz Cal: 1100 MHz
Power consumption 3 mW 3 mW 3.3 mW
-40 -40
50 5 I=ImA
g & o F=50MHz
2 z N ] Cal.
% [=]
F =
-60 - -60 -
N .
[
-70 ‘ ‘ -70 ‘ . : .
0 0.4 0.8 1.2 0 1 2 3 4 5

Biasing Current (mA)

(a)

Capacitive Load (pF)

(b)

Fig. 12. THD optimization examples in NSF using: (a) biasing current and (b) capacitive load.

3) Analyze the input voltage of the circuit as a function of
the output voltage in a second-order manner.

4) Derive the relevant coefficient expressions for the non-
linear output voltage.

5) Apply the HD, expression for the source follower using
the standard definition (8).

6) Find the optimal Vg for each scheme to achieve
low- frequency distortion compensation. Typically,
Voq = (1/2)Vaq for NSF due to no optimal point.
Equate the bracketed expression (4/Pcimyp)(Lipes)/
(p) Bt L1p et MpQ) (A g3 ,0 (A2p@) / (Mp@ ) (L3, o5t) /
(L%p eff)) + ()‘QPQEsatL2peH) (3/\%pQ(L1peH)/(L2PeH)
- )‘%pQ) +()\1PQESﬁtL1Peﬁ‘)2(3)\%pQ - )‘%pQ(LZPEH)/
(L1p o)) to zero to find the optimized Vo for PSF since
the channel length modulation factor A is a function
of Voq from (14). Use the dominant terms (—K1,)/
(16(2®, + Voq)*/?)  and  (K1,)/(16[20g,  +
(Vbp — Voq — Vas_o — AV,)]?/?) to find the optimized
VOQ for CCSF.

7) Optimize for high-frequency distortion compensation.
For NSF, find the approximate HD, expression and
relate the relevant design parameters (see case study).
For PSF, no further action is taken because there is no
significant optimization in high frequency. For CCSF,
balance the high-frequency terms, (AVnAll){fk n)/

(16)(wCreqn) / I)*  and  (=AV, AL o)/
(16)((wCLeqp)/Lp)-

V. CONCLUSION

The harmonic distortion of the conventional NSF and PSF
are thorough analyzed using a simplified large-signal model
in conjunction with Level 49 BSIM3 model equations and as-
sumptions. Based on the analysis, a new linearization technique
is proposed for the CCSF. In this technique, major distortion
components that arise because of frequency independent or
dependent effects can be minimized separately via one-to-one
compensation in a complementary pair manner. Therefore, the
CCSF can maintain rather high linearity with broad bandwidth.
In addition, three new large-signal second harmonic equa-
tions are established together with transfer functions for three
circuits. The distortion optimization strategy of each source
follower is also proposed. A case study of NSF demonstrates
the optimization example. A summary of the procedure is given
to show the design steps for optimization. Comparative results
have validated that the predicted results correlate well with the
realistic HSPICE BSIM3 simulation results.

APPENDIX A
DETAILED DEVIATION OF HD5 FOR NSF

Vi=f(Vo) = Vo + Vinno + K1,(V/2®m + Vo — /204,

(A-1)

9 C eqn
+ AVn\/Abulkn [1 + N%(Vo - Voq)
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The coefficients, b; and b, are

K1
by = f'(Vo=Voq)=1 "
1 f( OQ) + 2(2‘1)fn+VOQ)1/2
n AV, ( —-K1, Ao,
2y \HP0 T Vo)
jWCLeq n
+ Abulkn_Qj%> (A-2)
b "V, = VOQ) -K1,
2= 2 8(2®4, + Voq)3/2
AVn -1 ( KlnAOn
3/2 3/2
4 ZAb{llkn_Q 4(2%¢, + Voq)?/
wChoe 2
- Abulkn-Q%)
n 1 < 3K1, Ay,
Allw{jk n_Q 8(2®, + Voq)®/?
K1,A
n<10n J‘UCLeqn ) (A-3)
20285, + Voq)?/?2 I,
In (A-2)
AV, K1, A, <14 K1, q
an
8A1131/1?k "0 (2(I>fn + VOQ>3/2 2(2‘1)&1 + VOQ)1/2
AV’I’L 1/2 ijLeqn Kln
—_— — 1
3 CbuknQ T S 508, Vo)1

in the range of hundreds of megahertz. In (A-3)

—AV, < K1, Ao, )2
16A?)/u%kn_Q 4(2®4, + VOQ)3/2

is smaller than other items. Finally, the second harmonic distor-
tion can be expressed as (A-4) shown at the bottom of the page.
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APPENDIX B
DETAILED DEVIATION OF HDs FOR PSF

Please see (B-1) shown at the bottom of the page. The coef-
ficients, by and bo, are

by = f'(V, = Vogq)

Abpulkp 1 5
AspoEsatLop e
2 Ty, Ty, \ Q752 72pelt
JwClLeqp IT217 2
+ ?) + T3 ApoEsatLlpeff (B-Z)

f"(V = Voq)

_ AV \/Abulkp N g2 g2
- 16 T3 Tlp 2pQ~sat2peff
3 2
— 2‘ / szTg — pQ)\QpQEsatLlp efngp off

T2 satLQ ff
=3, 22N QL L e + 4 pe
T15p t P ff szTlp PCLMp
_4 &/\3 SatLlpeff ]WOLeqp
73,779 Perwyly TQPTlp
1 JUJCL
2 A2 oFsatLope «ap
+ T23pT1p 2pQLsatlopeft —F
JwChleqp +2
- chabub LV VNN ONNY B-3
T2pT IpO 1pQ Fsat1p ,ff} ( )

where Ty, = 1+ Ao (Vop — Voq), 11, = 1+ AipoVoq-
Note that A\1,0, A2pg are the constant values for Ay, and Agp,
respectively, when V, = Vpq.

In (B-2)

AV, \/Abulkp 2 B L + JwCLeap
T2pT1p 2pQ sat 12p eff IpO
T
+ QP)\ pQEsatLlprF } <1

1 by
HD =
2.NSF = 5 62
~K1, AVaA S o (wCLeqn)2 + AV, K1, Aoy [ 3 _ 2ijLeqn}
16(2‘I>f,,+VOQ)3/2 16 I, 64A]1/12k (Q‘bfn'i‘VOQ)S/Q (2<I>f“+VQQ) I,
o 5 Vin (A-4)
K1,
[1 + 2(2<1>fn+VoQ)1/2}
Apuikp[1 + A2p(Vbp — Vo)] — JeCleqp (Vo = Voq)
Vi = £ (Vo) = Vo = Vinpo — AV | —— - ’ o " (B-1)

1+ )\lp‘/o
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in the range of hundreds of MHz. Since A1,q, Aopg < 1,713, = by = f"(Vo = Voq) _ -K1,
1 and Ty, = 1 in (B-3), the second harmonic distortion can be 2 16(2®¢, + Voq)3/?
simplified as AV, 1 K1, Ao, 2
8 2A3/2 4(2(I)fn + VOQ)3/2
bulkn_Q
HDs_psF
22 AV T 0285 + Voq)/2
o~ A‘/;) \/1‘641)1111(1) Vm {P 4 Lllpeff N AVn A1/2 (UCLeqn 2
CLMp ‘!p 16 ~ bukn-@ I,
X (BsatL1peidipq) | Al A2 2 Ly Kl
sat e 1 N2
ret Pe N0 LY o T 16285 + (Vob — Vo — Vas.o P2
Lipe
+ (/\2pQEsatL2peff)2 <3/\%pQ tpefl - A%pQ) _ AVP —1
L2p eff 8 2143/2
+ pgBeacLrpen)? (333, — Ao 2228 e
1pQLsatL/1p eff 1pQ 2pQ Llpeﬂ “ < KlpA()p )2
wCLeqp\” | 5 i@CLeqp 4[2®4, + (Vop — Voq — Vas @)]*/2
+ | — + 27E‘sat[11p eff
Ipo p0 n 3K1,Ao0 ]
Loy
X (A%pQ — Ao Lip :) } : (B-4) 841 3 p 0[285 + (Vop — Voq — Vas_o)]*/2
pe
AVp 12 wCLeqp 2
- F bulkp_Q Ip
APPENDIX C AV, -1 K1, Ao, JwCleqn
DETAILED DEVIATION OF HD, FOR CCSF ) A Ai {jkn 0 (205, + Voo)?? I
AV, -1
) 4A1/2
Vi = Vo + Vino + K1, (V285 + V, — /2®,) bullr-Q
KlpA()p ijLeqp
/.‘UCLeqn x 3/2 '
+ AVt [ Apuin |1+ JI;(VO —Voq) (24 + (VDb — Voq — Vas )] I,
" (C-3)
— Vihpo — Klp(\/2q)fp + [Vbp — (Vo + Vas 0)]
— /20
i) In (C-2)
jwCe
- A‘/;,\/Abulkp [1 - ‘]Iﬂ(Vo +Vas g — VXQ):|
p
8A o (20 + Voq)*/
with VGS_Q = Vihno + Kln(\/2¢)fn + VOQ — \/2¢’fn) + AV}, KlpAOp <1
AV, Apuikn. The coefficients, b1 and bo, are 8All){jkp_Q [2®¢, + (Vop — Voq — VGS_Q)]3/2

AV, 172 JwCL AV, 12 JwCL
K1, = b{llkn_Q =, £ b/ulkp_Q =<1
2 I, 2 1,

(2®5 + Vogq)/?

b1=f'(Vo=VOQ)=1+2

K1,

_|_
_ _ 1/2
2[22?’/; (Voo KKLO/?on Vas Q)] in the range of hundreds of megahertz. In (C-3)
S 00 T Vo)
AV, K1,A, 9
- —AV, K1,Aq
1/2 20 Vo — Voo — Vo 3/2 n nAon
8Abulkp_Q [ f%) + ( bb 0Q GS_Q)J 16Ai/?k (4(2@&1 + VOQ)3/2>
+ Aan A1/2 ]wcLeqn + A‘/;) A1/2 ]wcLeqp ulkn-Q 2
9 CbulknQ - 5 “bulkpQ I, —AV, < K1,Aq, )
(C-2) 16473 o \42%6 + (Vop = Voq = Vas )P/
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HD —
2.CCSF = 5 B2
Kln + AV”All){jkn_Q wcLeqn 2
16(2%¢, + Voq)3/2 16 I,
AVnKlnAOn ( 3 2ij’Leqn)
64415 0206 + Voq)¥/2 \ (2% + Voq) I,
1/2
n K1, B AVpAb{ukp_Q <wcLeqp ) 2
16[2(I)fp + (Vop — Voq — VGS_Q)]3/2 16 I,
_ AV, K1, Aoy ( 3 B 2ijLeqp)
64A|13(‘12kp_Q [2®+ (Voo —Voq - Vas_g)]5/2 \ 2%m+(Vop—Voq—Ves_Q)] 1, v )

K1,

K1,
{1 + 2(2@m+Voq)t/? +

2
2[2®¢, +(Vop —Voq —Vas_g)]'/? }

are smaller than other items. Finally, the second harmonic dis-
tortion can be expressed as (C-4) shown at the top of the page.
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