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Abstract

The dynamic range performance of an active MOS at-
tenuator circuit suitable for analog monolithic applications
is presented. The attenuator exhibits low input referred
noise. An application using the active attenuator as the
input stage of a transconductance amplifier is discussed.
Tradeoffs between power consumption, circuit area, atten-
uation ratio and dynamic range are considered.

Introduction

Attenuators are useful in many discrete as well as in-
tegrated circuits. One application involves preceeding the
input stage of CMOS transconductance amplifiers (TAs)
with an attenuator to improve the signal handling capabil-
ities [1-2]. In this paper, the operation principle and noise
analysis of a simple linear attenuator consisting of two
MOS transistors is presented. The dynamic range perfor-
mance of attenuator-based TAs is discussed and compared
with TAs without attenuators.

A MOS Active Attenuator

An active attenuator consisting of two n-channel MOS-
FETs is shown in Fig.1 [1]. The circuit is designed to oper-
ate with transistor M, in the ohmic region and transistor
M in the saturation region. Separate P-wells are used for
M, and M; to enable matching of threshold voltages. It
can be readily seen that M; and M, will be operating in
the required region provided

Vss + Vre < V; < Vpp + Vi (1)

where Vr; and Vr; are the threshold voltages of M; and
M,, respectively. If Vry = Vg, the relationship between
V, and V; becomes linear. Equating the drain currents of
M, and M, and setting Vry = Vpry = Vpn, we obtain the
linear relationship

Vo =qVi+ Vss(1 — ) —nVrn (2)

where 7 is the attenuation factor which is defined by
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Fig.1 Schematics of an NMOS Active Attenuator
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n=1- (3)

If mismatch effects in Vi and Vry are included, nonlin-
earities are only introduced through second-order effects
involving the term (Vi — Vrz2)? which will generally be
very small. Threshold mismatches also introduce an addi-
tional small dc offset between V, and V.

Noise Analysis

An equivalent circuit of the active attenuator based
upon noiseless transistors and output noise sources is shown
in Fig. 2. Since M; is operating in the saturation region
and M, is in the ohmic region, the total thermal noise cur-
rent spectral density at the output, S,7, can be expressed
by

4)

where S,17 and S,p7 are the thermal current spectral den-
sities of i1 and ine, respectively, gy is the small signal
transconductance of transistor My, and ry is the drain-

to-source resistance of transistor My, defined respectively
by

2 1
Sor = So1T + So2r = 4kT(§gml + ;‘;)

gm1 = B1(Vig — Vo — Vrw) (5)
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and

r2 =[B2(Vig = Vss = Von — (Vog = Vss))I ™' (6)
where 8y = pCor(Wy/L;) and B, = uCoz(Wa/Ly). 1t
follows from (3), (5) and (6) that (4) can be rewritten as

Sur = 4ET(Vig — Vss ~ Ve)(1 ~n)(28 + 1) (7)

Another noise source which plays an important role at
lower/medium frequencies is the 1/ f noise. The total 1/f
noise current spectral density at the output is given by

SaF — I{fﬂl( 1 ﬂ1ﬂ2

1 1
"L—% + L—g)m(VzQ —Vss— VTN)2? (8)

where Ky is the process dependent flicker noise factor. The
total output noise voltage spectral density can be obtained
by multiplying the output noise current density with the
output resistance given by

1
- (B3 + B2 )1 —n)(Vi = Vs ~ VN

From (3), (7), (8) and (9) the total noise spectral density
at the output, Sy,, is given by

1
To = ro||[{—
0 2]|(gm1)

) (9)

4kT (26, + B2)

Svo = 5
(Br + B2)*(1 — n)(Vi — Vss — V)
Kroog o fn 1 1
te (2-m) (W1L§ Y WL )f (10)

The total input referred noise spectral density of the at-
tenuator can be obtained by dividing S,, with 7%, i.e.,

S’UO

Sui=" (11)

For given n and Ly, S,; can be minimized by setting L,
L,, then from (10) and (11) the expression of the input re-
ferred noise spectral denisity, S;, of the active attenuator

is given by

4kT(3P1 + f2)

Sui =
2By + B2)2 (1 = n)(Vi — Vss — Vrw)
QI{f 2 1 1
- z 12
T T WL (12)

For Vig = 0V, %i- = 1, (W1/L1) = 4/3,  can be calculated
to be ﬁ. Using the MOSIS 34 paramters and setting
Vbp = —Vgs = 5V, an output thermal noise density of
3.8nV/+/Hz is obtained. This value is well below the input
referred noise incurred by normal-size MOS transistors. In
addition, the -}—, noise term in (12) also shows that the

output —1); noise can be much smaller than the input referred
1

noise of normal MOS transistors if 1 is large enough.
: '{‘hese observations are encouraging in the sense that using
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Fig.2 a) The Active Attenuator based upon Noiseless Tran-
sistors and Output Noise Current Sources b) The

Small Signal Output Resistance of the Active At-
tenuator

such an attenuator as a signal front end is possible with
little deterioration on the overall noise performance.

Dynamic Range Analysis for Attenuator—Based
TA Structure

In this section, the dynamic range performance of a
simple TA structure is compared with that of an attenuator-
based TA. It is assumed that the differential-pair input
stage is the major noise and nonlinearity contributor in
both TA structures. A simple single-ended TA consisting
of a differential input transconductance stage and three
current mirrors is shown in Fig.3. To obtain the dynamic
range, both the signal swing at a given THD and the equiv-
alent input referred noise voltage are needed. The differen-
tial output current, i4, can be characterized by the equa-
tion
ﬂdug

1 —
4T1ai

ta = Mcgmava (13)
where M, is the current mirror gain, 8q = pCor(Wa/Lq) is
the transconductance factor of the input transistors, and
gmd 18 the transconductance of the input transistors given
by

gmd = BaVEB (14)
where Vgp = (Vgso — Vr) denotes the excess bias volt-

2
age of the input transistors. If Z@I“T”% << 1, the following
approximation can be made from (13)

. ﬂdv:‘;
g~ A‘fcgmdvd(l - S

) (15)

Tiait

To obtain the total harmonic distortion (THD) at the out-
put, consider a sinusoidal input signal

vg = Vimcos(wot) (16)

By basic trignometry, we have

3 ‘r'Z )

ia % MegmaVmeos(wot )1~ g35—Viy
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1
—COS(3W0t)(mVT§)]

The THD can thus be approximated by

(17)

1 V2
THD = Vg

(18)

The third harmonic dominates the THD of a simple differ-
ential pair. We define V.0, as the maximum RMS input
signal amplitude that can be applied without exceeding 1%
THD at the output, Vime, can be readily attainable from
(18) giving

Vinaer = 04VEB (19)

For a simple TA structure, the input referred noise spectral
density is given by
8 1

X
S, = 2(=kT —/

—_— 20
3 Imd + Condef) ( )

The total input referred RMS noise voltage, v,i, can be
obtained by integrating the noise spectral density over the
passband, f; < f < fr, to obtain

8 2
Uni = \/gk-Tm(fr -+

If the dynmaic range is defined to be the ratio of Vipes to
Vni, then for low-frequency passbands the dynamic range
can be approximated by

1 1
DR~ 04VgpBi L2, | ————
£8hi Li ln%QKfp

If the passband spreads over high frequencies, the following
approximation can be used

QIX’f/J lnf—r

ﬁdei fi

(21)

(22)

2 1
DR~ — Vel

\/ BET(f. — f1)

Similar analysis can be performed to derive the dynamic
range of an attenuator- based TA structure. As shown
in Fig. 4, the differential input signal is attenuated by a

(23)

factor n before applying to the differential-pair input stage.
The output current can be characterized by

2,2

. PR
tg = nMcgmavay /1 — L 7Y
4Liaa

Assuming all distortion is due to the differential input
stage, the following equations can thus be derived:

(24)

1 n?V2
THD = — n
32 Vpp?

(25)
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Fig.3 A Simple 3-Mirror TA Structure

and
Vep

n

where Vg, is the maximum RMS input voltage causing
at most 1% THD at the output. The input referred noise
voltage spectral density can be expressed by

Vinezr = 0.4 (26)

Sv = 2(Su(arn) + %) 27)
where Sy(441) and Su(aif5) represent the input referred noise
spectral densities of the attenuator and the differential
pair, respectively. From (27) we observe the later noise
sources are "amplified” by a factor of 1—1f It can be readily
shown that S, is dominated by the noise of the differential
pair. The dynamic range of the attenuated TA structure
is given by
N 0.4Vep
Vn(dif f)

where v,(qif5) is the total input referred RMS noise volt-
age in the passband. From (28) it is readily obtainable
that the dynamic range of the attenuated TA structure
can also be approximated by (22) and (23) at lower and
higher frequencies, respectively.

DR (28)

To compare the two TA structures of Fig.3 and Fig.4,
we will denote all parameters associated with simple TA
structure with subscript 1 and denote attenuated TA pa-
rameters with subscript 2. The overall transconductance
gains of the two circuits can thus be represented, respec-
tively, by

gm1 = Mc1gmar = Mo fa1Vep:

(29)
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and
(30)

If only white noise is considered, we can derive the follow-
ing relationship from (23), (29) and (30):

gm2 = MM cagmaz = 1Mc2B42VEB2

DR2:VEBI gmaMea (31)
DRy Vg2 \| ngm1Me2

Similarly, from (22), (29) and (30) we can derive the dy-
namic range relationships for low-frequency approximation

_ [VeEm
VeB2
For a given overall transconductance gain and a given ex-

cess bias voltage, it follows from (31) and (32) that the
dynamic range of an attenuated TA structure can be im-

DR,
DR,

gma My
Ndm1 Alc?

(32)

proved by a factor of \/%- if the current mirror gain remains
constant. An alternative comparison is made for evaluat-
ing the TA structures based upon the same power con-
sumption. If we assume the attenuators consume negligi-
ble power, then the power consumption for both structures
can be approximated by

P~ (Vpp — Vss)BaVEg(1 + M,) (33)

From (23), (29) and (33), we can express the dynamic
range at higher frequencies for the simple TA structure
in terms of the transconductance, mirror gain and power
dissipation by

0.75P,
DR1 ~~ n
(\/A’_Icl + JMCI) (fT - fl)gmll\'T(VDD - Vss)
(34)
and for the attenuated TA, from (23), (30), and (33) by
DRZ ~ 1 \/ﬁ075P2
(mcl + A{Cz) (fr - fl)gm?]-'T(VDD — VSS)
(35)

For the flicker-noise dominated approximation, we corre-
spondingly have

0.4L4y /P
DR, ~ avh (36)
\/prx’f(ln%)(VDD — Vss)(1 + M)
and
. iz
DR 04LavPs 37

2
V2eE (I8 (Vop — Vss)(1 + M)

For a given transconductance gain and a given power con-
sumption, it follows directly from (34) and (35) that a
unity mirror gain maximizes dynamic ranges. We can thus
observe the dynamic range of the attenuated TA is reduced
by /7 if the dynamic range is dominated by white noise.
For the low-frequency approxmiation, as shown in (36) and
(87), both structures exhibit similar dynamic range perfor-
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Fig.4 An Attenuator-based 3-Mirror TA Structure
mance.

Several conclusions may be drawn at this point. First,
when a constant excess bias and a constant mirror gain are
assumed for both TA structures, the dynamic range of the

attenuated TA is improved to \/% times that of the simple

TA with tradeoffs of larger power consumption and larger
circuit area. The maximum input signal swing at 1% THD
for the attenuated TA can be improved by 111 The struc-
ture is especially useful when large signal handling capa-
bility is required. When constant power is assumed for
both TA structures, the attenuated TA really hasa deteri-
oration in dynamic range over the simple TA structure at
high frequencies where the noise characteristics are white
noise dominated. Moreover, Biasing the attenuated TA for
constant-power comparison becomes problematic for large
attenuations because the excess bias for the differential
pair becomes reduced driving the devices into weak inver-
sion.

Conclusions

It has been shown that a simple two transistor active
attenuator has a low input referred noise voltage. Applica-
tions of this attenuator as the front end of a transconduc-
tance amplifier which exhibits improved signal handling ca-
pability and reasonable dynamic range performance have
been discussed.
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