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Abstract __ The practical performance characteristics of an
active voltage attenuator suitable for analog integrated circuit
applications are presented. The attenuator has attractive
performance characteristics including high input impedance,
low power consumption, small circuit area, low noise, low
THD, and precisely controllable attenuation ratio over a wide
range. It can replace conventional resistor attenuators in many
monolithic applications. The analysis, design, and performance
of the attenuator and an amplifier employing the attenuator in
the feedback loop are discussed. An attenuator which has
signal to THD ratio of 61.8dB at 100mV input voltage,
dynamic range of 75.0dB at 1% THD, and power consumption
of 106uW for an attenuation ratio of 1:10 is readily designable
with two transistors smaller than 10X10um2. Employing the
attenuator in the feedback loop of an amplifier of gain 10, the
amplifier has a signal to THD ratio of 81.5dB at 10mV input
voltage and dynamic range of 79.3dB at 0.168% THD.

I. INTRODUCTION

Attenuators have useful applications in discrete as well as
integrated circuits. Some of the applications are in data
converters and in the input stages of transconductance
amplifiers as well as in the feedback loops of feedback
amplifiers. In discrete applications. attenuators consisting of
resistors connected in series are widely used. However, the
resistor attenuators are not very attractive in integrated circuit
applications because of their large areas, low input impedance,
large power dissipation, nonlinearity of diffused resistors, and
parasitic capacitances.

An active attenuator using MOSFETs monolithically
fabricated in seperate wells has been investigated [1-2]. That is
an extension of the original two MOSFET attenuator
introduced by Van Horn [3]. In this paper, emphasis is placed
upon the practical application of the active attenuator.
Attention is specifically focused at an active attenuator using
two cascaded MOSFETs fabricated in a common substrate that
has not been investigated to date. The capability to fabricate
the MOSFETs for an attenuator in a common substrate has
several advantages. First, both n-channel and p-channel
attenuators can be monolithically fabricated in a standard
CMOS process. Second, the required area for an attenuator is
much smaller. Third, the parasitic capacitance at the well-
substrate junction of the seperate well for each transistor does
not exist.

The attenuator presented in this paper is small in size, has
nearly infinite input impedance, low power consumption, good
linearity, and good noise characteristics. The operation
principle, harmonic distortion analysis, random noise analysis,
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and design and performance of the attenuator including power
consumption and size consideration are investigated. The
harmonic distortion analysis, the random noise analysis, and the
performance of an amplifier using the attenuator in the
feedback loop are also investigated.

II. ATTENUATOR ANALYSIS

An active attenuator consisting of two n-channel
MOSFETs is shown in Fig. 1. The substrate is common for
both the transistors and is connected to the source of the bottom
transistor M1. The circuit operates as an attenuator when
transistor M1 is in the ohmic region and transistor M2 is in the
saturation. This condition will be met provided

V1 < Vi<Vpp+Vr2 1)
where VT1=VT0N1. and
VI=YTon2+H Vo Vo ) . @

If the zero-bias threshold voltages of the two transistors, VToN|
and VTopn2. are not matched and Vropn2 is larger than VTony,
then V71 in Inequality (1) should be replaced by Vron2. Since
M1 is operating in the ohmic region and M2 in the saturation
region, the drain current of each transistor is given by

w V
lD1=K'-L—11(V1-VT1-'—2Q)V0 . (3)
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Fig. 1. The circuit diagram of the active attenuator consisting of two
n-channel MOSFETS
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Fig. 2. dc transfer characteristics of the attenuators
(a) Eq. (5), (b) Eq. (7)
and

ID2=K'K2%V1-V”[2-V0)2 .
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Because the two drain currents should be same, from Eq. (2-4),
the transfer characteristic relating V; and V) is obtained to be

v,
2R(VI-VTON] -TO) vo={vi-vronaVo-rxNe+vo-N9)}? (5)

Wi/Ly

R_WZ/L2 .

©®

where

If y=0 and VTon1=VTON2=VYTON, EQ. (5) reduces to a linear
equation (7), which is the case where each transistor is
fabricated in a seperate substrate, the substrate of each
transistor is connected to its source. and the zero bias threshold
voltage of each transistor is assumed to be same.

Vo=(Vi-Vron)(1-1] K~
o=(Vr-Vron)( VR+1)

The dc transfer characteristics between Vyand V¢ calculated
from Eq. (5) and (7) for R=1, ¥=0.5255V1/2 $=0.6V, and
VTonN1=VToN2=VToN=0.777V are shown in Fig. 2. Note that,
for ¥=0.5255V /2, and ¢=0.6V, which are standard for 2y p-
well CMOS process, the dc transfer characteristic of the
attenuator given by Eq. (5) is also very linear as shown in Fig. 2

)

even though the equation is seemingly nonlinear quadratic.
The high degree of linearity exhibited in Fig. 2 suggests
applications in high performance applications. Thus, a more
detailed analysis is in order to quantify the performance
potential of the attenuator.

In order to analyze the small signal attenuation factor and
the harmonic distortion, the dc transfer characteristic given by
Eq. (§) is expanded into Taylor’s series. For Vi=Vjo+v; where
V1o and v; are the quiescent and the ac signal components of
the input voltage, respectively, the output voltage, Vo is
expanded as

V0=H(V1)=V0Q+H'(Q)v,‘+%H"(Q)vi2+..... ®)

where Vog=H(V @) is given from Eq. (5), and H'(Q) and
H”(Q) are given by Eq. (9) and (10), respectively (see bottom
of page). In Eq. (9-10), Vroni=VTON2=VTON has been
assumed (this will be assumed henceforce). o defined by Eq.
(9) is the small signal attenuation factor of the attenuator.

If vi=Asinwt, then, taking only the first three terms in Eq.
(8), we obtain

Voz=ho+hisinwt+hycos2 ox (11

where
ho=V0Q+i—H"(Q)A2 . (12)
h1=H'(Q)A=0A , (13)
and
h=3H (Q)AZ (14)

In these expressions, hg is the total dc, hj is the “desired” ac
signal, and h; is the 2nd harmonic component of the output of
the attenuator. Note that the 2nd-order distortion introduces
additional dc offset as shown in Eq. (12) which will generally
be very small. Using Eq. (5), and (9), the small signal
attenuation factor, a, and the output quiescent voltage, Vo,
for given R and Vg, or the necessary R and the output
quiescent voltage. V. for given o, and Vg can be calculated.
Then, using Eq. (10) and (13-14), the signal output, h1, and the
2nd harmonic output, A2, can be calculated for given input
signal amplitude, A.

A noise equivalent circuit of the attenuator based on
noiseless transistors and output noise sources, and its equivalent

H0) M) e RV 0o+ V 10-VTON-Yoo- AV 9+V 0oV 9)) )
1o R(VIQ'VTON'VOQ)*'{VIQ'VTON'VOQ'T(V¢'+V0Q'ﬁ”(1+;:ﬁ_%_—)
+ oQ
2
Rofa-2) MHH Y )-2 Y +{Vig-Vron-Yoo-V+Vog-18)|—L—
H"(Q)‘(dzv(’ == < 2Vo+Vog] Vé+Vog | Afortoc )“"’*VOQ (10)
2 - .
& lo
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Fig. 3. (a) The noise equivalent circuit of the attenuator based on
noiseless transistors and output noise sources. (b) The noise small
signal equivalent circuit.

small signal circuit are shown in Fig. 3. At a given quiescent
point, the channel conductance of M1, gg4s1. the gate-channel
transconductance of M2, g2, and the bulk-channel
transconductance of M2, gn,p) are, from Eq. (3-4), given by

ol
2ds1=(3p7 D1 )Q K (V1Q VroN-Yog).  (15)

gm2=(a‘/1WL;22)Q =K'= { VIo-VTON-Yoo- YN +Vou-V o) }.
3ip) (16)
and 8mb2= m)(FHmZ—LZ Jorvop (17)
The total output conductance, g, is given by
80=8ds1+8m2+8mb2 - (13)

For the output noise sources, since M1 is operating in the
ohmic region and M2 is in the saturation region, the respective
noise current spectral density for each transistor is given by

2KK'Ip()

where Syr1 and Sy72 denote the thermal noise current spectral
densities and Syf and S denote the flicker noise current
spectral denisties of the two transistors. Ky is the processing
dependent flicker noise coefficient. The total noise current
spectral density of the attenuator is given by

SE=Sn+S2 - (21)

From Fig. 3 (c), the output noise voltage(rms) is given by

~ rSﬂ#

IN _ “1%’1*’1%’2 -

VNO = il (22)
8o 8o 8o
Thus, from Eq.(15-22),
L2 11
vno=lw, (MN(S+=) 12 23)

1 =2

where M and N are given by Eq. (24) and (25) (see bottom of
page). Using Eq. (6) and (23-25), the output noise voltage(rms)
can be calculated for a given quiescent point. Wy, L{, W, L).
and noise frequency band.

III. AMPLIFIER ANALYSIS

In this section, an amplifier consisting of an ideal Op-amp
and the active attenuator in the feedback loop as shown in Fig.
4 is considered. The offset inherent in the specific attenuator of
Fig. | makes the amplifier have different input and output
offset. Since the Op-amp is assumed ideal,

Vr=Vo=H(Vn=H(Vg") . (26)
or
Vo'=TV)=H1(vr) 27
.that is, the transfer function of the amplifier, T, is the inverse
of the transfer function of the attenuator. H.
For Vy'=Vg'+v;, the Taylor's series expansion of the

Sn=SITi+Sin1=4kTgds1+ CoxLi%f (19) " output of the amplifier, Vo' is given by
and
S[2=Sn2+5m=§kTgm2+%%§ 20) Vo'=TVI)=Vo@ +T (Q)vi +2T (O 2+.... (28)
R(Vig-VTon-VooPilpafi | Vig-VTon-Voo-{Y9+Voo-V9)) t_i,kTT- (2+f1)
M= , (24)
R(Vig-YTonN-YooH{V 10-VToN-Voo-A Y 8+V o1 —t
{ 0 Vi 0-AV9+V0o-V9) YT
(VIQ‘VTON )V()Q—f— 2
N= Cox f1 - (25)
R(V10-VTON-Y 0oV 10-VTON-V00-A Y9+ V 00V 9 )| 1+—L——
[ 0 oH{vio o-AVo+Voo-V9)) oo
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Fig. 4. An amplifier consisting of an Op-amp and the active attenuator
in the feedback loop.

where Voo'=T(Vip")=Vig,

dvo' 1
=gy o=t (29)
and T7(Q) is given by Eq. (30) (see bottom of page). Note that
the samll signal gain of the amplifier, g, defined by Eq. (29)
and (9) is just the reciprocal of the attenuation factor of the
attenuator, ¢, in the feedback loop. If v;'=A"sinwt, then, taking
only the first three terms in Eq. (28),

Vo' storisinox+tpcos2wt (31)
where
10=V0Q'+%7"'(Q)A'2 ‘ (32)
(=T (Q)A=gA" . (33)
and 12=-}1r' (@A, (34)

In these expressions. f is the total dc. ¢1 is the ac signal, and )
is the 2nd harmonic component of the output of the amplifier,
respectively.  Again, note that the 2nd-order distortion
introduces additional dc offset as shown in Eq. (32) which will
generally be very small. Using Eq. (5), (9), (26), and (29), the
small signal gain of the amplifier, g, and the output quiscent
voltage, Vpq'. for given R and V' or the necessary R and the
output quiscent voltage. Vo' for given g and Vo' can be
calculated. Then, using Eq. (30), and (33-34). the signal
output, ¢{, and the 2nd harmonic output, 7, can be calculated
for a given input signal amplitude, A’.

Since the Op-amp is assumed ideal, and since the transfer
function of the amplifier is the inverse of the transfer function
of the attenuator, the output noise voltage of the amplifier is the
input referred noise voltage of the attenuator which is simply
given by Vyo'=gVNo where Vo is given by Eq. (23-25).

Table 1. The calculated results for @=0.1(g=10), (a) input operating

point, (b) corresponding output operating point, (c) corresponding R.

(d) H", (e) signal to 2nd harmonic distortion ratio of the output of the

attenuator at A=100mV, (f) T". (g) signal to 2nd harmonic distortion
ratio of the output of the amplifier at A’=10mV.

@ ® © ¢ o) 0} @

Vo[V] | Val[V] A H*[1 1V} ';"”‘2' vy Ve
1 0.02229 3.9529 0.005019 58.0 -0.5912 76.6
1.5 0.07218 3.9649 0.004388 59.2 -0.4414 791
2 0.1220 3.9744 0.003970 60.1 -0.4219 79.5
2.5 0.1717 3.9847 0.003565 61.0 -0.3525 a1t
3 0.2214 3.9923 0.003264 61.8 -0.3366 815
35 0.2710 4.0005 0.002982 62.6 -0.2997 82.5
4 0.3206 4.0072 0.002750 63.3 -0.2803 83.1
45 0.370t 4.0144 0.002535 64.0 -0.2514 84.0
5 0.4196 4.0207 0.002351 64.6 -0.2309 84.8

IV. DESIGN AND PERFORMANCE

The design of attenuators for a given attenuation factor, o,
is considered in this section. The operating point, area, power
dissipation, 2nd harmonic distortion, output noise, and high
frequency performance are considered in the design. The
performances of the designed attenuator and the amplifier
shown in Fig. 4 are calculated and discussed in terms of the 2nd
harmonic distortion and output noise.

For a given a, from Eq. (5) and (9), the required value of R
and the resultant Vo) are calculated as a function of the input
operating point, Vyg. For a=0.1, the calculated results are
shown in column (c) and (b) in Table 1. The " is calculated
from Eq. (10) and given in column (d) in Table 1. Note that,
for a given a and operating point, H” is fixed. Likewise, the
T is calculated from Eq. (30) and shown in column (f) in
Table 1. Remember that Vio'=Vog. Vo' '=Vj@. and g=1/c.
Also, T is fixed for a given g and operating point. From Egq.
(13-14), and (33-34), the signal output to 2nd harmonic output
ratio for the attenuator, hy/hy and for the amplifier, 11/17, are
respectively given by

hl 4o

hz—-—H"A s (35)
and

a4

O TA (36)

Note that the output signal to 2nd harmonic distortion ratios are
inversely proportional to the amplitude of the input signal. The
calculated ratios for the attenuator when A=100mV, and for the
amplifier when A'=10mV are shown in column (e), and (g).

2y ¢+V;Q }

R(2g—l)—{g—l-——y——— 2-{ VI()Q'VTON‘VIIQ‘V( v ¢+v}QW)}—7—

WV pavg

-
T"(Q)a(” Vf) -
&g
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(30)



respectively. It is seen that the signal to 2nd harmonic
distortion ratio is 61.8dB for the attenuator and 81.5dB for the
amplifier at Vj9=V0(@'=3V, and that these improve further as
the quiescent voltage increases in both the attenuator and the
amplifier.

Once R=W1Ly/L1W is fixed for a given o and operating
point, the respective Wp,L1, W3, and Lj values can be
determined for minimum power dissipation, and less output
noise or better high frequency performance within a given
range of L and W. The total power dissipation, P4, of the
attenuator is given by Vpplp where Vpp is assumed to be
given and /p is given by Eq. (3) or (4). Thus, for minimum
power dissipation, the ratios W /L and W3/Ly should be
minimum. For a given range of L and W, first W,/L; is set to
minimum, W,,in/L a5, since Wi/L1=(W2/Ly)XR is larger than
W»/L3 in practical cases (R>1). For W and L . there are two
different possible choices within the given range of W and L,
and for a given value of R; Choice I is to set Wi=W,,;,R and
Li=Lax: Choice II is to set W =W, and L1=L,,,/R . The
former choice gives less output noise since L is larger in Eq.
(23) and better matched performance when actually fabricated.
On the other hand, the latter choice gives smaller area and
better high frequency performance. For o=0.1, and several
ranges of L and W, the output noise voltage, Vo, and the
power dissipation, P4, of the attenuators designed as described
above are calculated as a function of input quiescent voltage,
Vi@, using Eq. (23-25) and (3), and shown in Table 2. In the
calculation, Vpp=5V, T=298°K, f;=100Hz, f,=1MHz,
K'=5.663X105A/V2, C0x=8.125X10-4F/m? and K =3X10-24
V2F are used which are standard for a 2u p-well CMOS
process. From Table 2, it is seen that the output noise slightly
decreases but the power dissipation increases as the operating
voltage increases, and that the output noise increases but the
power dissipation decreases as the maximum size of the
transistors increases.

For a given operating point, the dynamic range defined by

output signal at 1% THD
in-band output noise

DR= 37

can be calculated from the results in Table 1 and 2. If we
choose Vip=Vp('=3V for maximum signal swing, and select
Choice T and 2um< L, W <10pm, then H"=0.003264V-1
Vno=1.54X10-5V(rms) and P4=106uW for the attenuator, and
T"=-0.3366V-! and VN0'=gVN0=1.54Xl()‘4V(rms) for the
amplifier. Thus, From Eq. (35-36), lho/h11=1% at A=1.23V,
and np/11=1% at A’=1.189V. Thus, using Eq. (13) and (37), we
obtain DR=75.0dB for the attenuator. A'=1.189V will saturate
the output of the amplifier. The maximum input amplitude
applicable to the amplifier is A’=0.2V which results in 0.168%
THD. From Eq. (33), at 0.168% THD, the dynamic range with
a more stringent THD in Eq. (37) is DR=79.3dB.

Although the dynamic range as defined by Eq. (37) is
widely used to characterize linear circuits, it gives little insight
into the relationship between desired signal energy and
unwanted energy at the output. An alternative criteria proposed
here for characterizing the performance is the maximum of the
ratio of the signal output to the total non-signal output defined
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Table 2. The calculated results for the output noise voltage, Vo, and
the power dissipation, Py, of the designed attenuators.
a=0.1, W;,=L ,;;=21tm, and the corresponding Vg
and R to each V() are given in Table L.
Choice I : W1=WpinR, L1=Lyax; W2=Wpin, and L2=Lpy-
Choice Il : W=Wpin, L1=Lmax/R, W2=W pin, and Lo=L 4.

Viagv) 2 3 4
“":_ choyJVrolVrmsl| Pa(uW] [Vio[Vims][ Pd (uW] VNO[Vema)| Ps 1)
I 1.846:5 1.5465 1.4265
10 318 106 223
1 3.4565 3.3265 32785
I 47365 3.5265 29365
100 3.19 10.6 22.3
I |4.8265 3.6465 3.086 5
1 1.496 4 11164 9.2165
1000 0.319 1.06 2.23
I 1.496 4 1.1164 9.21E5
1 47164 3.506 4 29164
10000 0.0319 0.106 0.223
i} 471B 4 3.5064 29164
by
sign tput h t
STNR—JI gnal outp I i 1 or |1
-si 2 2 | 2 2
non sngnal outputimax |{h2+2vN0 max VI2+2V|NO ‘max
(38)

For the same operating point and conditions as used above,
STNR=54.5dB at A=163mV for the attenuator, and STNR=64.4
dB at A'=50.9 mV for the amplifier.

V. CONCLUSION

The harmonic distortion and noise analyses of an active
attenuator are investigated. A design scheme of the attenuator
for minimum power dissipation and low noise within a given
range for the size of the transistors was presented. Quantitative
calculation of the performance at given sets of conditions was
discussed. An amplifier empolying the attenuator in the
feedback loop was investigated as well. The results show that a
useful monolithic attenuator with good performance as
evidenced by its low power consumption, low THD, and low
noise characteristics can be built simply with two transistors.

The promising performance of the attenuator demands
experimental verification of the operation and performance of
the attenuator. The fabrication of the attenuator is in progress.
For more general applications of the attenuator, research on
adjustment of the offset is also under investigation.
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