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DISTORTION ANALYSIS OF SWITCHED CURRENT CIRCUITS

1. INTRODUCTION

The switched-capacitor (SC) technique is considered as a

high-precision means for performing analog signal processing (ASP)

when compared with the traditional analog RC circuits [ 1]-[3].

Another advantage for SC circuits is that they need only a small area
for implementation in a fully-integrated metal-oxide-semiconductor

(MOS) system. The parasitic-insensitive switched-capacitor
differential integrator, as shown in Figure 1.1, is a basic building

block for SC ladder filters. The switched capacitor, Cu, of this

integrator can realize a very large effective resistance in a very small
silicon area [4]. The time constant, or RC product, is determined by a
very high precision capacitor ratio (better than 0.1% ratio matching

accuracy can be achieved by using common-centroid layout, constant

ratio of capacitor area to perimeter, and uniform etch width around
capacitor plates [5]). In recent years, SC circuits have been

successfully applied to a variety of signal processing systems, such as
audio-frequency pulse-code-modulation (PCM) filters, and in some

high-frequency filters.

Recently, a new technique called switched-currents (SI) was

introduced by Hughes et al. [6]. It can also be used to perform analog
sampled-data signal processing in the 'current domain' as opposed to
SC circuits which operate in the voltage domain. The current mode
operations of summing, inverting, scaling, and delaying of the analog
'currents' are shown in Figure 1.2, and the descriptions of the

operation of these circuits are to be found in [6].

Some potential advantages of using the new SI technique over
the SC circuits are:

(a) Operational amplifiers (Op amps) in SC circuits operate in
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the 'voltage domain' which usually requires a higher
power-supply voltage. Since SI circuits work with

'current' and need no op amps, SI circuits can operate in
a lower power-supply environment.

(b) Since no precision capacitors are required for SI circuits,
SI systems can be implemented in a standard digital

CMOS process (extra processing steps are required to

fabricate precision linear capacitors in SC circuits).
(c) Higher frequency can be achieved because we do not

need to worry about high gain, settling time, or slew rate
of the op amps (required in SC circuits). These are

usually the factors that limit the speed in SC systems.
(d) SI circuits use a smaller die area with less fabrication

cost (the capacitors used in SC systems usually occupy a
large proportion of the total die area. There are no op
amps in the SI system).

Figure 1.3 shows the differential switched-current integrator
used in SI circuits. The accuracy of this signal processing operation is
largely determined by the accuracy of the two track-and-hold current
mirrors in this integrator. As shown in Figure 1.2d, the track-and-
hold operations are performed using the biased MOS current mirror

with a MOS switch, Ms, between the gates. Although the current

mirror itself has been commonly used in voltage-domain signal
processing circuits [7]-[9] (e.g. op amps), its current harmonic

distortion characteristics which are important for SI circuits, have

not been investigated. Since current is the working medium in SI

circuits, the dynamic range of the SI system is partially determined by
the total current harmonic distortion that exists (noise is the other

factor that determines the minimum signal that can be applied to the

SI system). Understanding the sources of harmonic distortion is

essential to the design of low power, high-accuracy SI circuits.

In the past, distortion analysis has been performed on
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switched-capacitor circuits. Lee and Meyer [10] have determined that
the major distortion sources for SC circuits are capacitor nonlinearity,
operational amplifier gain nonlinearity, and the distortion induced by
the finite slew rate of op amps. However, op amps and capacitors are
not used in the new switched-current circuits. In this report, the

causes of the current harmonic distortion in SI circuits are briefly

described, and expressions for the current harmonic distortion are

derived as a function of various mismatches in the basic
track-and-hold current mirror.

In section 2 of this report, the origins of device mismatch are
described, and effects due to the threshold voltage mismatch of the
devices, and clock feedthrough terms will be overviewed. Expressions

for the harmonic distortion, DC offset, and AC gain-error arise as a

result of threshold voltage mismatch in the track-and-hold circuits

(Figure 1.2d), and are derived in section 3. The last part of section 3
concerns the DC offset and AC gain errors caused by mismatches in
device dimensions (channel width and channel length of the

transistor), conductance factor, and product of the channel-length-
modulation factor and drain-to-source voltage of the device. Finally,

the theoretical results (derived in section 3) will be compared with the
simulation results in section 4.
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Figure 1.1 The parasitic-insensitive switched-capacitor differential

integrator.



5

Vdd

(a) Inversion

Vdd

Vdd

Vdd

(b) Summation

(c) Scaling . (d) Delay

(current-mode track-and-bold circuit)

Figure 1.2 Summation, inversion, scaling, and delay in switched-

current circuits.
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Figure 1.3 A switched-current differential integrator.
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2. CAUSES OF DISTORTION IN SWITCHED-CURRENT (SI) CIRCUITS

2.1 Origins of Device Mismatches

Mismatch is the process that causes time-independent random
variations in physical quantities of identically designed devices [11].

Mismatching puts a fundamental limit on the performance of any

analog signal processing system. As a result of the reduction in the

device dimensions, the importance of matching is increasing due to

the fact that the signal swing is decreasing.

Shyu, et al. [12] have analyzed the random error effects in

matched MOSFET current sources. They considered the error sources
to be random edge variation effects, ion-implantation charge and

surface-state charge variations, oxide-variation effects, and carrier
mobility variations. In this thesis, concentration will be on deriving
the expressions for the harmonic distortion, DC offset current, and AC
gain error induced as a result of mismatches.

2.2 Causes of Harmonic Distortion in SI Circuits

The switched-current differential integrator shown in Figure

1.3 is obviously a simpler circuit than the SC integrator shown in
Figure 1.1. Since this current integrator requires no op amps and no
capacitors, the major effects that induce the SC circuits to distort

(capacitor nonlinearity, op amp gain nonlinearity, and the distortion

induced by the finite slew rate of the op amps) will not be the same
factors that cause the SI circuits to distort.

The switched-current integrator contains two track-and-hold

current mirrors, and both of them function only at the prescribed
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time, and under the control of two non-overlapping clocks. The NMOS

pair and PMOS pair are subjected to some mismatches. For example,

the thickness of the gate oxide of the two NMOS transistors is not the
same due to the uneven thermal oxidation process. Edge variation

effects (resulting from a poor definition of lithography) also cause

mismatches in the two transistors. The main causes for distortion are
the clock feedthrough voltage and the mismatch of the threshold

voltages of the transistors. In section 3, a mathematical analysis will
show that if there is a mismatch for threshold voltages, the output
current of M2, in the

harmonic distortion. The

introduce a DC offset current

current mirror (Figure 2.1), will suffer

mismatch in threshold voltage will also

and an AC gain error.

The clock feedthrough voltage is treated similar to the

threshold voltage mismatch. Since the impedance of the

diode-connected transistor (see Figure 1.2d) is relatively low (equal to
the inverse of the transconductance of M1 biased in the saturation

region, and is about 2000 ohms when a device of 100 gm /10 gm is
biased at a DC current of 200 gA), charge emerging from the source
terminal of the switch will flow into the drain of M1 to ground. The

charge emerging from the drain terminal of the switch will add an
extra negative charge to the gate-to-source capacitance of M2. This

extra negative charge can be viewed as a decrease in the threshold

voltage of M2, and this can, in the other words, be viewed as an
effective mismatch in threshold voltages. The charge emerging from
the bulk terminal will also be discharged to ground. Therefore, the

clock feedthrough voltage will induce the same distortion
the threshold voltage mismatch.

effects as

Except for the mismatch in threshold voltages, the other

mismatches, such as' in the widths, lengths, conductance factor (k'),

and the channel-length-modulation factors, lead to a DC offset error

and an AC gain error. Expressions are derived for the different kinds

of mismatches in section 3.
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3. DISTORTION ANALYSIS IN A SIMPLE CURRENT MIRROR

In the first part of this section (sections 3.1-3.3), derivations of
harmonic distortion as a result of the threshold voltages mismatches

are presented. In the analysis, we show that the threshold voltage

mismatch not only causes distortion for small signals, but also

introduces a DC offset error and an AC gain error. The mismatches of

channel width, channel length, k', channel-length-modulation factor,

and drain-to-source voltages of transistors are discussed in the last

part of this section.

3.1 Threshold Voltage Mismatches

The basic NMOS current mirror was shown in Figure 2.1. It is

made up of two transistors where one transistor, M1 is connected as a

diode and sets the gate-to-source voltage, Vgs, of M2. The DC current,

Idc, forced through the diode-connected MOS transistor M1, is used to

set up the Vgs for M2 to produce a corresponding current Iout through

M2. The small-signal current, il , is applied to the drain of M1 and the

small-signal current coming out from drain of the M2 is ideally equal

to it provided that the aspect ratio (W/L) for both devices is the same.

(In the following analysis, the aspect ratio for both devices is assumed

to be 1 to 1. However, the case for the more general 1 to A ratio is

treated in a similar manner.)

Since M1 is diode-connected and biased ON by the DC bias
current, the gate-to-source voltage is greater than threshold

voltage,and the drain-to-source voltage exceeds the Vdsat(Vgs - Vt). As

a result, M1 operates in the saturation region (neglecting

subthreshold effects). The current-voltage relationship for MI

operated in saturation region is given by
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'dl = K1 (Vgsi Vt1)2 * (1 + Xn1Vds1)

where Idl is the total drain current,

K1 is the conductance, k'(W/L)1/2,

Vgsi is the total gate-to-source voltage,

Vti is the total threshold voltage,

Xn1 is the channel-length modulation factor, and

Vds1 is the total drain-to-source voltage.

(3.1)

Furthermore, W is the device width, L is device length, and k' is equal

to i.tn Cox 1.tn is the electron surface mobility and Co x is the

capacitance of the gate oxide. The subscript 1 is used to indicate that
the parameter is related to Ml. In this section, n-channel transistors

are used to show the distortion characteristics due to different kinds of
mismatches. The corresponding results for p-channel transistors are

very similar to the results of this section. For the following

considerations, the channel-length-modulation factor Xn1 is shown to

be small, so that the term XniVdsi can be neglected. In a 2-micron

CMOS process, the value of Xnl for a 10 i.tm long NMOS device is 2.9 E-3

V-1, and the value of Vdsi is between 1 to 5 volts using a 5-volt power

supply. Hence, the maximum value for A,n IV ds 1 is 0.0145 and is small

enough to be neglected in Eqn. (3.1).

Neglecting the XnVds term and rearranging Eqn. (3.1), we obtain

i1) K1 ]1/2 (3.2)Vgs1 = Vt1 R 'dc

Assume the two transistors are perfectly matched, except for
the threshold voltages. As M2 is biased with the same Vgs as Ml, the

output current Iota (drain current of M2) calculated according to Eqn.

(3.1) is

'out = K2*(Vgs2 Vt2)2

= K2*(Vgsl Vt2)2
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Substituting Eqn. (3.2) into the above equation, we obtain

'out = K2 *( *( [( Idc + it )/K1]1/2 Vt1 Vt2)2

Let us define the difference between the threshold voltages to
be AVt = (Vt1 - Vt2). As K1, K2 are assumed to be equal (K1 = K2 = K),

then

'out = K2*( [ i1 ) / K1 ]1/2 AVt)2

= K2 *(( Idc i1 )/K1 AVt2 2*AVt*[ Idc i1 )/K ]1/21

= ) K*AVt2 2* AVt* [ Idc )*K
]1/2

Since K = Idc/( Vgs Vt )2,

'out = (Idc i1) + K*AVt2 + 2*(6,Vt/Vgst)*Idc*[1 (ii/Idc)]1/2

(3.3)

where Vgst is defined to be the (Vgs Vti) of M1 when the drain

current of transistor M1 is equal to the DC bias current,

The following binomial expansion can be found in a standard

mathematical table,

(1+X)1/2 = 1 + (1/2)X - (1/8)X2 + (1/16)X3 - (5/128)X4 + (7/256)X5

(3.4)

In this case, we define X to be i1 /Idc, the normalized AC signal current.

Then we substitute Eqn. (3.4) into Eqn. (3.3) to obtain,

'out = Idc j1) K*
iVt2 2*(AVt/Vgst)*Idc*

[ 1 + 1/2(i1/Idc) 1 /8(il /Idc)2 1/16(iladc )3

- 5/128(11 /Idc )4 + 7/256(ii/Idc )5 - } (3.5)

In Eqn. (3.5), Iout obviously contains both AC and DC components as

well as higher-order terms that correspond to harmonic distortion.

Let us define the DC and AC components of Lout as IoutIDC and IoutlAC,

respectively.

ioutIDC = Idc K* AVt2 2*( AVt/Vgst )*Idc (3.6a)
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or using the relationship,

K = Idc /(Vgst)2

we have,

IoutIDC = 'ft [ 1 + ( AVt / Vgst )2 + 2*( AVt / Vgst )1 (3.6b)

We can easily see that the second and third terms represent the DC
offset current in the output due to the mismatch of the threshold

voltages alone. For the AC component,

IoutlAC= it + 2*( AVt / Vgst )*Idc*[ 1/2 (iiiidc) -1/8(ii/Ide)2

+ 1 /16(il /Idc)3 - 5/128(il/Idc)4 + 7/256 (ii/Idc)5- )

= i( it //dc )( 1 + AVt / Vgst ) +( AVt / Vgst )*[ -1/4( it /Icic )2

+ 1/8 (i1 /Ide)3 - 5/64 (i1 /Idc)4 + 7/128 (i1 / Icic)5 -1 l*Idc
(3.7)

Clearly, the first term of Eqn. (3.7) contains the ideal signal output

(i1), plus an AC gain error term. The other parts of the equation will

also contribute part of the AC gain error, and this will be discussed
later. Eqn. (3.7) also shows that harmonic distortion occurs with a

mismatch of threshold voltages. Section 3.2 provides the calculation

for the second-, third-, fourth-, and fifth-order terms, and finally the

total harmonic distortion (THD) due to the threshold voltage mismatch.

3.2 Harmonic Distortion Analysis

According to [7], the nonlinear transfer characteristic of

Figure 3.1 can be expressed as a power series

So = aiSi + a2Si2 + a3Si3 + a4Si4 + a5Si5 + (3.8)

where the coefficients al, a2, a3, are constants. The al term is the



small-signal transfer function (AC gain term) used in linear circuit

analysis.
Fractional second harmonic distortion (HD2) is defined as

HD2 amplitude of 2nd HD signal at output
amplitude of fundamental at output

HD2 = 1/2*(a2 / ai)*S (3.9)

Similarly, the other harmonic distortion terms can be defined as

Hpi amplitude of ith harmonic signal at output
amplitude of fundamental at output

where i is an integer. In terms of the coefficients in Eqn. (3.8), the

fractional harmonic distortion terms are as follows:

HD3 = 1/4*(a3 / )*S12

HD4 = 1/8*(a4 / ai)*S 13

HD5 = 1/32*(a5 / )*S14

The total harmonic distortion (THD) is defined as

00

THD = { [HDi]2 )1/2
i=2

(3.13)

The first step in finding the expressions for harmonic distortion is to

identify the coefficients (al, a2, of Eqn. (3.8) from Eqn. (3.7).

Hence,

In order to simplify the notation, define

Vr = AVt/ Vgst (3.14)

al = 1 + Vr

a2 = -Vr/4Id

a3 = Vr/8Idc2

a4 = -5Vr/64Idc3

a5 = 7Vr/128Idc4

14



Therefore, by using Eqns. (9)-(12)

HD2 = -[(Vr/8)/(1 + Vr)]* (i1/Idc)

HD3 = [(Vr/32)/(1 + Vr)]* (il/Idc)2

HD4 = -[(5Vr/512)/(1 + Vr)]*(i liidc)3

HD5 = [(7Vr/4096)/(1 + Vr)]*(il/Idc)4

(3.15)

(3.16)

(3.17)

(3.18)

To avoid gross distortion, the normalized current (i Ode) must be less

than 1 (i.e. the AC signal peak magnitude is smaller than the the DC
bias current), the higher the order of harmonic distortion, the

smaller its absolute magnitude. This is why harmonic distortion is

calculated only up to the 5th order. Using a larger (i /Idc) introduces

a larger distortion according to the above four expressions.

The total harmonic distortion, THD, can be determined by RMS
summing of the above components as given by Eqn. (3.13).

All of the above distortion expressions can be expressed in a

power form. Figures 3.2-3.4 show the calculated harmonic distortion
for 2nd, 3rd, 4th, and 5th orders when the normalized currents 0.1, 0.3
and 0.5 are used. In the figures, we see that the second harmonic
distortion dominates, so that the total harmonic distortion will be

approximately equal to the second harmonic distortion. Another
important point is that the larger the normalized current, the higher
the harmonic distortion (Figure 3.5). Simulation results are discussed
given in the next section.

3.3 DC Offset and AC Gain Errors due to Threshold Voltage Mismatches

From Eqn. (3.6), the second and third terms are the DC offset
current resulting from a mismatch of threshold voltages of the

devices.

DC offset = [( IoutIDC 'd %e)/ 'de] * 100 (3.19)

15
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= [ (AVt/Vgst)2 + 2*(AVt/Vgst)]* 100 % (3.20)

If the term, AVt/ V gst is small, than the DC offset current is

approximately 2*(AVt/Vgst)*Idc Therefore, the DC offset current is

directly proportional to the threshold voltage mismatch if the

mismatch is small and/or the DC bias current is large so that the

increased gate-to-source voltage of the transistor results in a larger

difference in (Vgs Vt). If the term, iVt /Vgst is big (say 1.0), then the

DC offset current should be determined by Eqn. (3.20) because the term
with a square is now significant.

Similarly, we can derive an expression for AC gain error from
Eqn. (3.7):

AC gain error = MoutlAC ii)/ii]*100 % (3.21)

AC gain error = (AVt/Vgst)*(1 + 3 /32 *(il /Idc)2 )*100 %

(3.22)

Since the factor 3/32 is less than 0.1 and this will make the term,
3 /32 *(il /Idc)2 much less than 1, the AC gain error can be simplified to

A V t/Vgst SPICE simulation results of the DC offset current and the AC

gain error due to threshold voltage mismatches are given in the next
section.

3.4 Other Factors that cause DC Offset Currents and AC Gain Errors

In this part, concentration will be focused on the analysis of
the signal response due to the mismatches of channel width, channel
length, conductance factor (k'), channel-length-modulation factor

(Xn), and drain-to-source voltages of transistors.

3.4.1 Channel Width Mismatches



17

Assume all device parameters are matched except the channel
width and let

W1 = W + AW/2 (3.23)

W2 = W - AW/2 (3.24)

where W is the average width, and AW is the difference of the widths

of the transistors, and can be either positive or negative. By using
Eqn. (3.1), (with equal lengths)

'out = AW/2)/(W AW/2)}*(idc il)

but, (W - AW/2)/(W + AW/2) = [1 - (AW/2W)] /[1 + (AW/2W)]

Using the following mathematical formula (for y << 1 ),
+ 30-1 = 1 + y2 y3 + y4 _

(3.25)

(3.26)

and letting y = (AW/2W), we have
(W - AW/2)/(W + AW/2) = [1 - (AW/2W)]*[1 - (AW/2W) + ...]

If (AW/2W) is small, then the higher order terms can be neglected,
and

(W - AW/2)/(W + AW/2) = (1 - AW/W)

Substituting the above equation into Eqn. (3.25), we have

10 ut = (1 AW/W)*(idc i1) (3.27a)

o r = ('dc i1) OW/Vs/rick (AW/W) *il (3.27b)

Eqn. (3.27b) shows that the first term is the ideal output (DC
and AC components), the second term is the DC offset current and the
third is the AC gain error. Therefore, the magnitude of the DC offset
current and the AC gain errors are directly proportional to the ratio of
the mismatch to the channel width. In other words, the offset and
gain errors are reduced by using larger device width.

The normalized DC offset current and AC gain errors are

defined in Section 3.3, and repeated here for convenience:
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DC offset = [{(IoutIDC Ida idc)]*100 % (3.28)

AC gain error = [ {(IoutlAC - ii)/ii }]*100 % (3.29)

Therefore,
DC offset error = (AW/W)*100 % (3.30a)

o r = (AW/W)*Idc (in ampere) (3.30b)

AC gain error = (AW/W)*100 % (3.31a)

o r = (AW/W)*i 1 (in ampere) (3.31b)

3.4.2 Channel Length Mismatches

Using the same procedure as for the channel width mismatch (section
3.3.1), we find the DC offset current and the AC gain error due to
channel length mismatches:

Let Ll = L + AL/2 (3.32)

L2 = L AL/2 (3.33)

where L is the average length and AL is the difference between the
lengths of the transistors, and can be either positive or negative.

[(L + AL/2)/(L - AL/2)]'out = *(Idc + i1) (3.34a)

or 'out = [(1 + AL/2L)/(1 AL/2L)]*(Idc + i1) (3.34b)

Using the following the geometric expansion,
(1 . y)-1 = 1 + + y2 + y3 + y4 4. (3.35)

and letting y = AL/2L (the higher order terms can be neglected if y «
1), we have

'out = (1 + Y)*(1 + +
y2

+
y3 + "*)*(Idc + i1)

o r 'out - (1 + 2y)*(Icle + il) (3.36)
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For a very small y = (AL/2L), the above equation can be simplified into:

'out = [ 1 + 2y ]*( 'dc + i1)
o r 'out = [1 + AU L 1*( 'de i1) (3.37)

Therefore,
DC offset = - (AL/L)*100 %

or = OW* Idc (in ampere)

(3.38a)

(3.38b)

AC Gain error = - (AL/L)*100 % (3.39a)

o r = - (AL/L) *i (in ampere) (3.39b)

The Eqns. (3.30-3.31) and (3.38-3.39) indicate that the absolute
magnitudes of the DC offset current and AC gain error are directly

proportional to the ratio of mismatch to the real size of the transistors.

3.4.3 Conductance Factor (k') Mismatches

k' mismatches can be analyzed in the same way as were the
channel width mismatches.

DC offset = (Ak'ile) *100 % (3.40a)

or = (AkA')*Ide (in ampere) (3.40b)

AC Gain error = (Alclic)*100 % (3.41a)
or = (Ak'/k') *i1 (in ampere) (3.41b)

For simplicity, the three parameters of the device, W, L, and k'

can actually be combined into a single conductance parameter, K. The

analysis for K mismatches follows exactly as for the mismatches of
width discussed in Section 3.4.1.

3.4.4 Mismatches of the product of Channel-Length-Modulation

Factor and Drain-to-Source Voltage
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In the previous analysis, the term (1 + X. n V ds) was always

neglected for any other type of mismatch. Below is an analysis for a

mismatch of the term (XnV ds). For transistor Ml,

Idc = Ki(Vgsi - Vti)2(1 Xn1Vds1)

and for the transistor M2,

IoutIDC + ioutlAC = K2(Vgs2 Vt2)2(1 ?n2Vds2)

Dividing the second equation by the first equation, we obtain

IoutIDC + ioutlAC = (1 + A.n2Vds2)
Idc + (1 + AnlVds1)

o r IoutIDC + ioutlAC = (1 + Xn2Vds2) * (Idc + ii)
(1 + AnlVds1)

(3.42)

The above equation shows that the mismatch between XniVdsi

and An2Vds2 would also lead to a DC offset, and an AC gain error as in

the case for channel length mismatch. Using the identity of Eqn.
(3.26) and defining,

A(X.flVds) = -In2Vds2 Xn1Vds1 (3.43)

if we neglect the higher order terms of 0(XnV ds), then we obtain,

IoutIDC ioutil°2 -[1 + 6An)TddRIde +4) (3.44)

Since the term A.nV ds is usually very small (see page 11),

A()nVds) is small and can be neglected. As a result, increasing the

channel length will not only reduce the offset and gain error due to
the channel width, but also helps to reduce the offset and gain errors
due to the channel-length-modulation factor (channel length is

inversely proportional to this channel-length-modulation factor). In

the next section, we present simulation results for a mismatch of

XnVds
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Si

Figure 3.1 The nonlinear transfer curve due to harmonic distortion.
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4. SIMULATION OF HARMONIC DISTORTION

This section is divided into two parts. The first part will

discuss the simulation of harmonic distortion for threshold voltage

mismatches and the second part provides the simulation for the other
types of mismatches. The model cards for both transistors are given in
APPENDIX A.

4.1 Threshold Voltage Mismatch Simulation

In this simulation, the standard channel width and length of
the NMOS transistors are 100 and 10 microns, respectively. The DC
bias current was 200 .tA and the peak-to-peak small-signal current

was 40 i.tA at a frequency of 1000 Hz. The Vgs of M1 is obtained by

using Eqn. (3.2). The parameters are found in the model cards

provided in APPENDIX A. k' is 44.6 µA/V2 and the threshold voltage is
0.93 V. The value of Vgs is found to be 1.8741 V. Since this voltage is

greater than the threshold voltage of the transistor, this DC current is

sufficient to bias the transistor in the saturation region. The SPICE

simulation result using the Level-2 model shows that Vgs is about 2.016

V.

Changing the threshold voltage of M2 on the model card is one
way to perform simulations for threshold voltage mismatches. Since

the value of (Vgs- V t) for M2 is fixed, M2's threshold voltage is easily

calculated and inserted into the model card. Another way to effect a
threshold mismatch is to add a DC voltage source between the source of
M2 and ground as shown in Figure 4.1. The voltage of this battery is

the threshold voltage mismatch. The first method was used in the

following work.
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Figures 3.2-4 show that the second harmonic distortion is

much larger than the other harmonic distortion components. In the

output file (user_temp/spice.out in APPENDIX A), we show that the

magnitude of the second harmonic distortion is 26 times of that the
third harmonic distortion. As a result, it is safe to say that the second
harmonic component dominates the total harmonic distortion.

Simulation was performed for total harmonic distortion

when the normalized currents of values, 0.1, 0.3, and 0.5 were used.
The results are plotted in Figures 4.2-4.4; the simulation results are in
close agreement with the theoretical values. We show that the larger

the normalized current for a fixed DC bias current, the higher the
harmonic distortion. In fact, these figures can be used by a circuit

designer, so that the maximum current signal for a certain distortion

level can be selected.

The DC offset current is the difference between the DC
levels of the non-ideal output and the ideal output. Figure 4.5 shows
one of the simulation results. Figures 4.6-4.8 show the simulation and

theoretical results for the DC offset when Vick is 0.1, 0.3 and 0.5; the

simulation results agree with the analysis in section 3.

The AC gain error is defined as the difference between the
peak-to-peak values of non-ideal AC current signal and the ideal AC
current signal divided by the peak-to-peak ideal AC current signal.

Using the parameters in Figure 4.5, the gain error is equal to

(A 1-A2)/A2, where Al, A2 are the peak-to-peak signal currents for the
non-ideal and ideal outputs, respectively. Figures 4.9-4.11 shows the
simulation results for the AC gain error. We see that the simulated
results in Figure 4.9 do not agree as well as the other two figures. The

other two figures are in good agreement because the output signal is

bigger than the difference (A1 -A2), which makes the measurement

easier. The shapes of the simulated data in Figure 4.9 agree well with
predictions.
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4.2 Channel Width, Channel Length,

and k' Mismatch Simulations

The width mismatch is simulated by changing the width of M2
in the circuit.

Figure 4.12 shows the DC offset for a width mismatch. The

simulated data match well with the theoretical values (solid line).

Figure 4.13 shows the AC gain error for width mismatches, and the
results are very satisfactory.

Figures 4.14-4.15 show the DC offset and AC gain errors due to
a mismatch of channel length. The results agree well with the

theoretical results.

The simulation results for DC offset and AC gain errors due to
k' mismatches are shown in Figures 4.16-4.17. The results show good
agreement to theory.

1nVds

Finally, the simulations due to the mismatches of the term

is performed. The results show no DC offset currents and no AC

gain error.
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Figure 4.1 A simple current mirror with a forced mismatch.
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5. CONCLUSIONS

Unlike switched-capacitor circuits wherein harmonic
distortion is caused by capacitor nonlinearity, op amp gain
nonlinearity, and slew-limiting nonlinearity, the distortion in

switched-current circuits is dominated by the clock feedthrough and
threshold voltage mismatches. All other mismatches in the
switched-current circuits eventually lead to DC offset and AC gain
errors. As a result, a low-distortion switched-current circuit is

obtained when the threshold voltage mismatch is low and when a

circuit technique is created to reduce the clock feedthrough errors.

The threshold voltage mismatch is kept to a minimum by
using well-known layout techniques so that a larger signal current
can be used. This is important because a circuit designer has to know
what maximum signal current can be applied to the switched-current
circuit for an acceptable distortion level. On the other hand, DC offset
and AC gain errors are also caused by the threshold voltage
mismatches. The magnitudes of the DC offset and the AC gain errors
are directly proportional (see Eqns. (3.20) and (3.22)) to the size of the
mismatch, provided that the normalized current and the term

O V t/(Vgs - Vt) are small. Hence, lower threshold voltage mismatches

will provide lower DC offset and AC gain errors.

The harmonic distortion expressions derived in section 3 are

supported by the simulation results given in section 4. The second
harmonic distortion is the largest term in the expression for total
harmonic distortion. The output file provided in APPENDIX A shows
that the amplitude of the 2nd harmonic term is 26 times (or 2.783E-8 to
1.079E-9) that of the 3rd harmonic term. Therefore, the 2nd harmonic
distortion usually dominates the total harmonic distortion. Also, the

distortion level is determined by the size of the normalized current
signal (i/I), such that for a fixed DC bias current, a smaller AC current
signal will provide a lower level of distortion. Theoretically, we can
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increase the DC bias current so that a larger AC current can be used to
increase the dynamic range.

For the other types of mismatches, DC offset and AC gain
errors are usually obtained. In circuit design, it seems better to use a
wider channel width, and longer channel length (see section 3.3) in

order to reduce both DC offset and AC gain errors. As the channel
length is inversely proportional to the channel-length-modulation
factor, if we increase the channel length, this will in turn reduce the
DC offset and AC gain errors. The mismatch of channel-length-
modulation factor does not cause a problem in the track-and-hold
circuits as indicated in Eqn. (3.44). Simulation has been done for the
channel-length-modulation factor mismatch, or Vds mismatch, and no

DC offset or AC gain errors were observed.
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APPENDIX A: Model Cards and Distortion Simulation Output File

This appendix includes a model card (beginning on the next page), that
was used in the simulations. One of the output files which shows the
nine harmonic components of the output current signal is also given.
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1AAAAAAAAAAAAAAAA29oct 89 AAAAA.AAAAAAAAAAAAAAAAAA :A'It:E -J.6

ONSPICE DRIVEN RUN, U1D = 4604.30014A10
OAAAA OPERATING PU1N1 iNkOlnATION

OAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA:AAAAAAAAAAAAAAAAAAAAA

0
OAAAA MOSFETS

0 Mi M2
OMUDEL N1OA N10
ID 2.00E-04 1. :,I: -04

VIiS 1.886 1.886
VDS 1 .886 2.016
VDS 0.000 0.000



lAAAAAAAoct 89 AAAAAAAA UPILE :3/1/U,-1 AAA,4-11. r. '' ida.i,At.,

MSPICE DRIVEN RUN, U10 46U4EC.3001::AID

OAAAA LUURIER ANAL' 1<; 1..NELRA)H1:L 2V.00(1 PLh )

OAAAAAAAAAAAAAAAAAAAAAAAAAAAAA.kAAAAAAAAAAAA.AAAAAAAAAAAAAAAAAAAAAAAAA: AA,!.

fOURIER L0f4PuNEN1b OF T1iAWALN1 labrOWA, Y(3)

ODC COMPONENT = 1.813bE+OU

OHARMON1C
NO

1:RhUUENCY
(HZ)

IJUR1ER
COMPONENT

NovmhEIMA)
COMPONENT

PfinuE
(111:6)

N1f1uiAL1.4Co
vHASC (1:1E1.i)

) 1.0001.40,1 :J.39()C-0:! 1.090009 1,0).9T/ u.00°

.4- -.0001.4-03 (2.90zff:-04 0.ul..:J11 139.:,v/ -i0.401

3 3.000E00J J.6311L-01, 0.w.9304 -::.86I -tz; !.059

4

b

4. 000E+03

:,.0001.1-0,1

..:.13.:C-0/

:.1.4132L-W/

0.0ovuO,

0.0u1?-W,

.:J.:JUU

-1..Yi.t,1/

-.:U.1./1,

-,1011.tflU

G 1-000E+1)3 .!.102C-0/ o.Q000p.)1 lu0.-:,"; -Pi./ VP

/ /.0o01.10 1 /..:(JuL off 0.0o0f01 I.; .,,I, .1;',

U U.UOuLf0.3 1.tiuJL 0/ 0.000v03 t29.u.,1 -;,0.t11

'.) ').0001.103 4.09.A. 0:; u.0oo0.fl 16:f.3',/ I .f,00

TUTAL
VI E1,1:111



UT AL HARMONIC DISTORTION = 1.2814Yi VERCEOT1AAAAAAA29oct 89 AAAAAAAA SPICE 48.6 3/15/31 AAAAAAAA 0:3,)AAAAA
OMSPILE DRIVEN RUN, Li ID = 46841:38G.3001,4110

OAAAA FOURIER ANAEISIS
ILMPERmIURE DLO G

OAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

FOURIER LUMPONEN1J OF 1R1tN8ILNI PL;..V0N51 01)UDC COMPONENT = 2.016E+00
°HARMONIC

NI)
FRENUENLr

(HZ)
FOURILI1

COMPONENT
NUEMAL1:.1.1.1
GOMPONENI

111Ata.

(8116)
NUEnhl ILIA,

IHroJE (IAN)

1 1.000E+03 J.748L-Ob 1.0000wk -.).00.i 0.000
2 2 .000L+03 2.7831.-08 0.(01J 9.1..!/.! '),1.2/4
3 3.000E+03 1.0Y9E-0..) U.°00(.16.: 13...:;!4 IJ.26G
4 4.0001:4-0,3 1.170E-10 +2.00000/ -11/.Ull II
S 5. 0001+01 1.548E-10 0.00001 . 6:1.%J: 6. ./Y,
6 6.000E+03 8.(tg5E-12 U.OU°000 .1/.11) .!/.1".I
7 7.000Lf03 1.vb3E-10 9.0,JOUY6 ..,::...-r)t, /..:..1,1;

U 13.0001:401 4.()I0C i I o. 0o00'.: .;.. '12- :...:',
¶3 ').0°U1.4.1),1 1.711L-11 0.0''0V' 71.0.3.: it. .031

TUTAL HARMUNIC 018TURTION = U.1:19:1136 PLRCEUT()



JOB CONCLUDED
1AAAAAAAAAAAAAAAA29oct 89 AAAAAAAAAAAAAAAAAAAAAAA SP10E 2G.6 3/15/03

OMSPICE DRIVEN RUN, U10 = 4684EJOC.30014A1D
OAAAA JOB SIAIISTICS SUMMARI

OAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

NUNODS

4

NCNODS NUMNOD NUMEL DIODES DjTS 3FETS

4 8 0 0

MEETS

0 NUMTEM ICVELG jTRELG jACELG 1NU1SE 1D15I NOGO
1 0 101 0 0 0 0

0 NSTUP NTIBR NTTAR IEILL 101'S pERPA

9. A.A Si. 26.
1

48. 6,.901

0 NUMT1P NUMRT? NUMNI1 MAYMEM MEMUSE COP1TNT

57. O. 114. AAAAA ;k 207.2 14706.

0 READ1N 0.46
0 SETUP 0.03
0 T1iCUP0 0.00
0 ULAN 0.24
0 DUDUMP 0.078
0 DESOL 0.049
0 ACAN 0.00 U.

0 TRANAN 2.69 114.
0 OUTPUT 0.34
0 LOAD 1.'IY9

0 CODGER 0.000 0.

0 UULIEXC 0.000
0 MAC 1N£; 0.000
0 OVERHEAD 0.03
0 TOTAL JOB 11ME J.U0
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APPENDIX B: Simulation Data

This appendix provide the simulation data for the threshold,
channel width, k' and channel length mismatches. The effective
mismatch is obtained by changing the parameters of device M2 on the
appropriate model card.

SIMULATION DATA FOR THRESHOLD VOLTAGE MISMATCH

Ideal DC output signal current : 200 I.LA (DC).

The AC signal used are 40 RA, 120 RA, and 200 1.1,A, so that the

normalized current is 0.1, 0.3, and 0.5.

Channel width / channel length for M1, M2 = 100 inn / 10 gm, and Vd s

= 2.016 V for both transistors.
THD = total harmonic distortion.

AVt/(Vgs-Vt)

i/I = 0.1

THD (dB)

i/I = 0.3

THD(dB)

i/I = 0.5

THD(dB)

0.005 -77.17 -59.14 -59.20
0.01 -74.48 -54.46 -55.12
0.015 -70.42 -51.40 -52.43
0.02 -68.90 -49.24 -50.41
0.04 -67.37 -44.13 -45.31
0.06 -63.10 -41.46 -42.40
0.08 -60.13 -39.85 -40.41
0.10 -57.83 -38.96 -38.98
0.12 -55.94 -38.53 -37.95
0.14 -51.52 -38.49 -37.18
0.16 -50.98 -38.85 -36.59
0.18 -50.48 -38.64 -36.18
0.20 -50.03 -40.90 -35.88
0.25 -49.04 -44.09 -35.70
0.30 -48.21 -42.99 -36.07

Table B.1 Simulation data of the total harmonic distortion for threshold

voltage mismatch.
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SIMULATION DATA FOR CHANNEL WIDTH MISMATCH

Ideal output signal current : 200 p.A (DC), and 40 pA (peak-to-peak AC)

channel length of both transistors = 10 pm,

channel width of M1= 100 gm,

and Vds = 2.026 V for both transistors.

W2

(p.m)

EC

(pA)

AC

(pA)

Mismatch/

Theoretical
(%)

EC

offset
(%)

AC

gain error

(%)

85 170.13 36.02 -15 -14.86 -14.86
90 180.10 36.14 -10 -10.00 -9.64
95 189.19 38.22 -5 -5.05 -4.46
98 196.11 39.40 -2 -1.94 -1.5
100 200.00 40.00 0 0.00 0.00
102 204.02 40.77 2 2.01 1.91

105 210.01 42.14 5 5.05 5.35

110 220.11 44.55 10 10.06 11.37

115 229.27 45.93 15 14.64 14.83

Table B.2 Simulation data of the DC offset currents and AC gain
errors for channel width mismatches.
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SIMULATION DATA FOR CHANNEL LENGTH MISMATCH

Ideal output signal current : 200 p,A (DC), and 40 RA (peak-to-peak AC)

channel width of both transistors = 100

channel length of M1 = 10 um,

and Vds = 2.016 V for both transistors.

Theoretical value = (1 + AL/L)- 1

p.m,

Mismatch/ DC AC
L2 CC AC Theoretical offset gain error
(pm) (p,A) (p.A) (To) (%) (%)

7 302.63 60.17 -30 / 42.9 51.32 50.00

8 258.63 51.62 -20 / 25.0 29.32 29.05

9 225.95 44.98 -10 / 11.1 12.97 12.44

9.5 212.11 42.09 -5 / 5.3 6.06 5.22

9.8 204.63 41.69 -2 / 2.0 2.31 4.23

10 200.00 40.00 0 / 0.00 0.00 0.00

10.2 195.67 39.34 2 / -2.0 -2.16 -1.64

10.5 189.39 37.94 5 / -4.8 -5.30 -5.16
11 179.75 36.29 10 / -9.1 -10.13 -9.29
12 163.63 32.53 20 / -16.7 -18.18 -18.67

13 149.59 29.91 30 / -23.1 -25.20 -25.23

Table B.3 Simulation data of the DC offset currents and AC gain
errors for channel length mismatches.
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SIMULATION DATA FOR k' MISMATCH

Ideal output signal current : 200 pA (DC), and 40 µA (peak-to-peak AC)

channel width of both transistors = 100 gm,

channel length of both transistor = 10

and Vth = 2.016 V for both transistors.

k' mismatch = theoretical DC offset = theoretical AC gain error.

k'
(%)

mismatch EC
(IAA)

AC
(p.A)

DC
offset
(%)

AC
gain error

(%)

-15 170.26 33.89 -14.87 -15.27
-10 180.21 36.04 -9.90 -9.90
-5 190.42 38.09 -4.98 -4.79
-2 196.16 39.29 -1.92 -1.78
0 200.00 40.00 0.00 0.00

2 204.20 41.12 2.10 2.80

5 210.23 42.13 5.11 5.32

10 220.16 44.66 10.08 11.64

15 228.09 46.19 14.05 15.47

Table B.4 Simulation data of the DC offset currents and AC gain
errors for k' mismatches.




