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A ¢,,/Ip-Based Noise Optimization for CMOS
Folded-Cascode Operational Amplifier

Jack Ou, Member, IEEE, and Pietro M. Ferreira, Member, IEEE

Abstract—Noise optimization is a challenging problem for
nanoscale metal-oxide-silicon field-effect transistor circuits. This
brief presents a technique that uses transconductance-to-drain
current (g,,/Ip)-dependent transistor-noise parameters to ex-
plore the design space and to evaluate tradeoff decisions. An
expression for the corner frequency of the folded-cascode amplifier
is derived. The design process demonstrated in this brief using the
folded-cascode amplifier is applicable to a wide class of amplifier
circuits.

Index Terms—Analog circuit design, g,,/Ip circuit design,
noise analysis.

I. INTRODUCTION

FOLDED-CASCODE operational transconductance am-

plifier (OTA) is an important analog circuit with appli-
cations in switch-capacitor filters, analog-to-digital conversion
circuits, and digital-to-analog conversion circuits. At low fre-
quencies, the noise spectrum of a folded-cascode OTA (e.g., see
Fig. 1) is dominated by flicker noise that arises from extra en-
ergy states present at the boundary between silicon dioxide and
silicon. Since flicker noise is inversely proportional to the gate
area, large transistors are frequently used to minimize flicker
noise. A strategy for minimizing noise without increasing
the gate area excessively was developed for a folded-cascode
amplifier by Chan et al. [1] in a 0.8-um CMOS. A design
equation that accounts for the gate-area-dependent flicker noise
coefficient (K ) was proposed [1]. In nanoscale CMOS, in
addition to K, the effective mobility also depends on the
bias of a transistor [2]. Therefore, a different approach more
suitable for minimizing noise in nanometer CMOS technology
is desirable.

The so-called “g,,/Ip design approach” was originally de-
veloped by Silveira et al. to help designers size up transistors
quickly [3]. Silveira’s original work led to the development
of two different formulations of g,,/Ip-dependent noise pa-
rameters in the literature. The first formulation was published
by Ou [4] in 2011. Bias-dependent thermal noise coefficient
() and device noise corner frequency (f.,) were introduced
and extracted from transistor-level simulations. The extracted
gm/Ip-dependent noise parameters were used to analyze the

Fig. 1. Differential folded-cascode OTA.

output noise of an amplifier. The experimental demonstration
of gm/Ip-dependent noise at the transistor level was later
published in [5]. In 2012, Alvarez and Abusleme published
an alternative formulation of ¢,, /Ip-based noise analysis that
used normalized noise power [6], [7]. It is interesting to note
that the so-called “g,,/Ip-based analysis” can also be ex-
tended to analyze distortion by capturing a transistor’s non-
linearity using a 2-D Taylor series with g,,/Ip-dependent
coefficients [8].

In this brief, we use g,,/Ip-dependent noise parameters to
explore the design space of a low-noise amplifier, make tradeoff
decisions, and identify the design bottleneck. The rest of this
brief is organized as follows. In Section II, we formulate the
gate-referred noise in terms of the v and f., of a transistor. In
Section III, we analyze the noise of a folded-cascode OTA using
gm/Ip noise parameters. In Section IV, we explore the design
space and evaluate tradeoffs using g,,, /I p-based parameters. In
Section V, we derive an expression for the corner frequency of
the OTA and use it to identify the design bottleneck. Finally, we
present our conclusions in Section VI.

II. FUNDAMENTALS OF ¢,,/Ip NOISE ANALYSIS
A. Thermal Noise

The metal-oxide—silicon field-effect transistor (MOSFET)
noise arises from thermal noise fluctuations in the channel.
It can be shown that zfl dth> the thermal noise at the drain
terminal, is [2]

iid’th = 4kTvgm (1)

where k is the Boltzmann constant, 7" is the temperature in
Kelvin, g,, is the transconductance, and + is the bias-dependent
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noise parameter. According to this model, v approaches 1
when the drain-to-source voltage (Vpg) approaches zero and
decreases to 2/3 when the device enters the saturation regime
[2]. A procedure for extracting -y as a function of ¢,,,/Ip, Vs,
Vps, and L was described in [4]. If we divide (1) by gfn, we
have the thermal noise present at the gate

o Ty
ng,th Gm

@)

B. Flicker Noise

Since MOSFETSs are surface-conduction devices, flicker
noise is important at low frequencies. The flicker noise at the
drain terminal is [2]

2 —

. K gm
7’7zd,fn - T

Coa WL f

3

where K is a process parameter that depends on the 1 and L
of a transistor [1], C,, is the oxide capacitance, W is the width,
and L is the length. At the device noise corner frequency (fe,),
the thermal noise is equal to the flicker noise

K _ow _p 4)

iid,th = 4kTygm = C WL fi = Ynd, fn
oxr co

We solve (4) to get an expression for f.,. Similar to 7, fe, is
a function of g,,/Ip, as well as Vsp, Vpg, and L, through its
dependence on the current density [4]

Ky gﬂlﬂ 1

co = . 5
J CoxL Ip W AK T~ )
Multiplying 42, ; 7, in (4) by feo, we have

S R— K

Banfeo = G ypp I (©)

Substituting (6) into (3), we have a simple equation that relates
the thermal noise current to the flicker noise current

5 .7fco
z?v,d,fn = Zid,th7~ @)

Dividing (7) by g2,, we have the gate-referred flicker noise

5 _ 5 feo
Ung,fn = Ung,thT' ®)

C. Gate-Referred Noise Voltage

The total noise at the gate terminal consists of the thermal
noise as well as the flicker noise. Using (8) and (2), the total
noise at the gate terminal is

_ Ty
v, =02 .+ 02 =— (
’ i

7)
1+ 7)) C))

ng,t ng,fn =

Equation (9) shows that, once I is fixed, % (the gate-referred

noise) depends on ¢,,, /I p parameters such as v and fe,.

III. ANALYSIS OF A FOLDED-CASCODE OTA

The noise at the output of the OTA in Fig. 1 is contributed
mostly by M; — My, Ms — My, and Mg — Mjo. Assuming
that each transistor contributes noise independently, the output-
referred noise is

[ — 2 N
02 =2 <A21)2 + R? Ims g2 302
n,out o“nl out (gm5 + Gdst +gds3)2 m3“n3
2
Im7 2 .9
+ R, —2mT g%y ) . (10)
out (gm7 4 gd59)2 m9“n9

We drop “g” from the subscript of the gate-referred noise to
simplify the notation. v, v2,, and v2, are the gate-referred
noise of My, M3, and My as indicated by (9). A, is the
differential gain of the folded cascode, and R,,; is the output

resistance into M5 and M~

dms
Gms + Gds1 + Ydss

Ao = gmlRout (11)

The input-referred noise of the folded-cascode OTA can be
obtained by dividing (10) by A2

Lo (TedEeadd) @
where a3 = ¢;n3/gm1 and «ug is
g = Im9 9ms T Gds1 + Gds3 gm7 ) (13)
dm1 gms gm7 + 9ds9

Since M;, Ms, Ms, My, and My are designed to operate in
the saturation region, the self-gain (g,,/gas) values of these
transistors are large, and ag & g9/ gm1-

IV. DESIGN CONSIDERATIONS
A. Design Specifications

We design a low-noise folded-cascode amplifier to demon-
strate the tradeoffs using the g,,,/Ip design flow. A 130-nm
CMOS process with a 1.2-V power supply is used. The spec-
ifications are as follows: a slew rate of 7.5 V /s, a load capaci-
tance of 100 pF, a unity bandwidth of 10 MHz, an input/output
common mode voltage of 0.6 V, a current consumption of
75 pA, and a small signal gain in excess of 40 dB. The circuit
shown in Fig. 1 required a common-mode feedback (CMFB)
circuit (not shown) with a bias current of 37.5 p©A. The maxi-
mum device noise corner frequency is 20 kHz. The current ratio
(ID3/ID1) is 2.

B. Input Differential Pair

The bias current of M is constrained by the product of the
slew rate and the load capacitance. The transconductance of M;
is constrained by the product of the unity gain bandwidth and
the load capacitance. g,,,1/I1 is therefore proportional to the
ratio of the unity bandwidth and the slew rate [9]. Using the
slew rate of 7.5 V/us and the load capacitance of 100 pF,
the g,n,1 /11 is 16.75 S/A.

The aspect ratio of M; is chosen to maximize the gain and
minimize the input-referred noise of the OTA while keeping W
less than 100 pm. L; was initially set to 4 um to maximize
9gm1/gas1 [see Fig. 2(a)] and minimize v2, [see Fig. 2(c)].

nl
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Fig. 2. Tradeoffs of the input differential pair. (a) Self-gain (gm1/gds1)-

(b) Current density (Ip1/Wh1). (c) Gate-referred noise (vil). (d) Width (W)
of M; as a function of Li, the length of M. gm/Ip parameters were
extracted and interpolated from transistor-level simulations. Ip; = 37.5 pA.
gml/[pl is fixed at 16.75 S/A.

Setting L equal to 4 pum, however, increases W; beyond
100 pm [see Fig. 2(d)]. To keep W; less than 100 pm, the
current density of L is increased [see Fig. 2(b)] by reducing
Ly to 0.8 um at the expense of a slightly lower g,,,1/ga4s1 and

higher v2,. Using Ly = 0.8 um and g¢,,,1 /11 = 16.75 S/A, W
is set to 76.20 pum.

C. Cascode Transistor

The aspect ratio of M5 is designed to maximize ¢,5/gdss
(and hence A,) while keeping W5 less than 100 pm. The
gate-referred noise is negligible since My is in a cascode
configuration. The design variables are g,,5/Ips and Ls.

The minimum channel length is rarely used in analog design.
A reasonable starting point for L5, the length of M5, is Ly =
5Lmin [10]. The exact starting point for Ls is not critical. To
explore the design space of ¢,,5/Ips and L, the self-gain of
M5 (gms/ gass) is plotted in Fig. 3(a) as a function of ¢,,,5/Ips
at L =5Lyn and L = 25L . Lmin 18 equal to 120 nm.
Fig. 3(a) reveals that g,,5/g4s5 is maximum for g,,5/Ips be-
tween 20 and 30 S/A. Therefore, 20 S/A < g,,5/Ip5 < 30 S/A
is used to explore the design space for Ls.

Fig. 3(c) shows that g,,5/g4s5 increases with Ls for L <
0.8 pum and saturates for Ls > 0.8 um. L5 is set to 0.8 pum
to maximize ¢,,5/gq4s5 Without increasing W excessively [see
Fig. 3(d)]. gms/Ips is set to 20 S/A to increase the current
density [see Fig. 3(b)] and minimize W3 without a substantial
decrease in ¢,,5/gass.- The W/L ratio for M is equal to
17.2 pm/0.8 pm.

D. Load Transistor

The aspect ratio of M3 is designed to maximize ¢,,3/gds3
and minimize the gate-referred noise of Ms. The design vari-
ables are ¢,,3/Ips and Ls.
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Fig. 3. Tradeoffs of the cascode transistor (Ms). (a) Self-gain of Ms as

a function of g¢,,5/Ips. (b) Current density (Ips/Wps). (¢) Self-gain
(gm5/9gass)- (d) Width of M5 as a function of Ls, the length of Ms5. Ips =
37.5 pA. gm/Ip parameters were extracted and interpolated from transistor-
level simulations.

The design space for ¢,,3/1ps is derived as follows. First,
according to (5), fe.o is inversely proportional to L; therefore,
a sufficiently long transistor should be used to minimize f.,.
Second, as ¢,,,/Ip increases, the current density decreases at a
rate faster than the rate at which g,,/Ip increases; therefore,
feo decreases with g,,, /Ip. (This point is explored further in
Section V-B.) Consequently, the minimum g,,3/Ips is deter-
mined by the f.,3 requirement. Fig. 4(a) shows that, to keep
feo3 less than 20 kHz, g,,3/Ip3 must exceed 19 S/A for L3 =
3 pm. A shorter channel length, such as Ls = 600 nm, fails
to meet the minimum f., requirement for g,,3/Ips less than
30 S/A. Third, the maximum ¢,,3/Ips is determined by the
minimum ¢,,3/¢g4s3 and the maximum W3 since both W3 [see
Fig. 4(¢c)] and ¢,n3/gas3 [see Fig. 4(e)] increase with g,,,3/1p3.
A current efficiency (gm3/Ips) of 25 S/A is chosen as a
compromise. For L = 3 um, the design space for ¢,,3/Ip3 is
19 S/A < gims/Ips < 25 S/A.

The design space for L3 is determined as follows. For a
feos =20 kHz, the minimum Lj is 2 um for ¢m,3/Ips =
25 S/A and 3 pm for g,,3/Ip3 = 19 S/A according to Fig. 4(b).
To keep W3 less than 300 pm, the maximum L3 is 2.5 pum
for gms/Ips =25 S/A and 8.0 pum for g,,3/Ips =19 S/A
according to Fig. 4(d). Fig. 4(f) shows that g,,,3/g4s3 is higher
for gms/Ips = 25 SIA. We set gm3/Ips =25 S/A to get a
higher ¢,,3/gas3. Based on the discussion so far, we deduce that
the design space for L3z is L3 min = 2.0 pm < L < L3 ax =
2.5 pm. We set L3 equal to 2.0 ym in order to minimize Ws.
The W/ L ratio for M3 is equal to 248.5 ym/2.0 pm.

E. Aspect Ratios of the Remaining PMOS Transistors

The remaining PMOS transistors in Fig. 1 are designed
using the same method described in Sections IV-C and IV-D.
The aspect ratio for My and My are 89.00 um/0.35 pm and
48.4 pm/0.60 pm, respectively. The g,, /Ip values for M7 and
Mg are 20 and 15 S/A, respectively.
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F. Simulation

Fig. 5 shows the comparison between the input-referred noise
of a folded-cascode OTA obtained using Spectre and the input-
referred noise calculated with (12). The transistors are modeled
using BSIM 4.4. At frequencies lower than the noise corner
frequency of the ampliﬁer (feo.ota)s ¥ is dominated by the

2
nzn

flicker noise of v2;, v2;, and v2,. At frequencies hlgher than
feo,otas vn n 18 dominated by the thermal noise of v2

71,3’
and v2,. Using Spectre as the standard of comparison, the
percentage error from 100 Hz to 10 MHz is less than 10.5%.
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FOLDED-CASCODE OTA
A. Derivation

In this section, we derive an expression for fc ot that
corresponds to v and f,, of the transistors in the folded-cascode
amplifier. We start by rewriting (12) to separate the thermal
noise from the flicker noise

EL sin,th — =2 ( Vn1 ,th + a3vn3 th + a9vn9 th) (]4)

2 —
Un,in,fn =2 (Unl,fn + a3vn3,fn + OéQUnQ,fn) .

AUS = feootas U inth = U in, pn- We set (14) equal to (15),
replace the gate-referred flicker noise of each transistor using
(8), and obtain

15)

fcol
i th T Q3VL3 1 T QgUng 4 = Upy gy 7
co,ota
2.2 fco3 2°9 fcog
+ a3v3 4 + QgUsg 4p, (16)
fco,ota fco,ota
Solving (16) for fco otq produces
feol + a3 ;ﬁ 2 feos + ag Yus, L0 feo9
nl,th nl th
fco,ota, - —_— —_— (17)
773 th 719 th
1+ a3 + ozg
nl th 71.1 th
2 _
Recall from (2) that wv; gth = 4kT~/gm. Therefore,

2 2 2 7 PN
Ups tn/ Vi1 en a0 U5g 4 /U7, 4, in(17) can be simplified to

U7213>th _Y3gm I3 I (18)
v D gms s
9, th _Y9gm1 Iy 11. (19)
vl N L gmo 1o

Using (18) and (19), as well as the definition for a3 and av,
feo,ota can be associated with each transistor’s f,

fco,ota = lecol + CSfcoS + CchoQ (20)
where c1, c3, and ¢g are defined as
1
Oy 8w L I | Yogme L In @h
Y1 I3 gmi1 It Y1 o gm1 1
Y3 gms 1 I3
_ Y1 I3 gm1 11
T f m%ms O L Yogme L In (22)
Y1 I3 gmi1 1 Y1 lo gmi1 11
Yo gmo 11 Ig
Y1 I gmi In
Oy w8 O L Yogme L Io 23)
Y1 I3 gmi1 1 Y1 lo gm1 11

B. Discussion

The ratio of c3 and c; and the ratio of ¢g and ¢; are given by

3 _Y3gms L1 I3

C1 _71 I3 g1 L
€9 _ 79 Gmo Iy Iy

aa m Iy g i’

(24)

(25)
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Fig. 6. Tradeoffs of the OTA. (a) Corner frequency coefficients (c1, c3,and cg).
(b) Area and current density. (c) Contribution of fco3 t0 fco,ota. (d) Voltage
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Using results from Section IV, i.e., y3/v1 = 1.245, g;n3/Ips =
25, gmi/Ip1 = 16.75, and I3/I; =2, c3/cy is 3.65. Using
’79/’71, gmg/IDQ = 15, and Ig/[l = 1, 09/01 is 1.125. Since
¢3/c1=3.65 and ¢g/c; =1.125, we conclude that c3 > cg > ¢;.

Since ¢,,1/Ip1 is determined by the unity gain bandwidth
and the slew rate, c3/cy is controlled by ¢,,3/Ips and I3/1;
according to (24). We explore the use of ¢,,3/Ips and the
current ratio (Ip3/Ip1) as the design variables next.

The current efficiency of M5 (gms/Ips) appears in the
denominator of (21) and (23); therefore, both ¢; and cg decrease
slightly while ¢g /¢y remains constant as g,,3/Ip3 is increased
according to Fig. 6(a). According to (24), c¢3/c; is proportional
to gms/Ips, suggesting that, as ¢,,3/Ips increases, feo ota
becomes increasingly determined by f..3.

The noise corner frequency ( fe.,) of each transistor depends
onits g,,/Ip, Vsp, Vps, and L. Changing g,,,3/I3, for exam-
ple, changes fc,3, but not f.,1 and f.o9. As gm3/Ips increases,
the current density of M3 is reduced [see Fig. 6(b)] at a rate
faster than the increase in ¢,,3/Ips [see (5)]; therefore, feo3
is reduced. The decrease in the corner frequency of M3 as
a function of ¢,,3/Ip3 is shown in Fig. 6(c), as well as the
resulting change in the corner frequency of the OTA. As a
comparison, we show both the calculated OTA corner fre-
quency (feo,ota,g,,/1,) and simulated OTA corner frequency
(fco,ota,SpectTe) in Flg 6(C)

The gain of the OTA depends on ¢,,3/gas3- As gms/Ips
increases, the change in ¢,,,3/¢q4s3 observed in Fig. 4(e) results
in the saturation of Ay at g,,3/Ips = 20 in Fig. 6(d). The
decrease in current density as g,,3/Ips increases results in a
corresponding increase in W3 and, hence, an increase in the

area observed in Fig. 6(b). Fig. 6 confirms our earlier selection
of gm3/Ips3 as the optimum value for noise, gain, and area.

Equation (24) suggests that f., o, is a function of the current
ratio (I3/11). Our calculation shows that fg, o¢4 is, at most, a
weak function of the current ratio since I3/ appears in both
the numerator and the denominator of (22). For a I3/I; = 2,
feo,ota 18 17.99 kHz. For a I3/I; = 1.5, feo,otq is 17.63 kHz.
In other words, a reduction of I5/I; by 25% only leads to a
reduction of fe, otq by 2%.

VI. CONCLUSION

Leveraging on the insight gained from our previous work in
gm/Ip-based noise analysis with v and f.,, we use g.,/Ip
noise parameters to explore the design space systematically and
make transistor-level tradeoff decisions based on requirements
for transistor area, noise, and gain. We identify the design
bottleneck for the folded-cascode amplifier by developing a
closed-form formula for the noise corner frequency of the OTA.
The method described in this brief is general and can be applied
to design a wide variety of low-noise circuits. Moreover, the
noise equations derived in this brief can be integrated in a
computer-aided design tool to simplify nanoscale MOSFET
circuit design.
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