Chapter 5

Optimization of Switched Current
Circuits

This chapter introduces noise analysis of SI circuits, which is one of the fundamentals for the
design of high performance SI circuits. The contents of this chapter depends strongly on the
results regarding sampling of noise described in Appendix E.

One of the most important results of this chapter is the connection between power con-
sumption, supply voltage, signal to noise ratio and operating frequency. This will found the
basis for optimization of SI circuits.

5.1 Introduction to Noise Analysis

Before we can perform any noise analysis of switched current circuits we have to identify all
of the noise sources that are important for the analysis. In Fig. 5.1 we have shown a cascode
current copier including all of its noise sources. For each MOS transistor in the circuit there is

Figure 5.1: Cascode Current Copier with all Noise Sources

a corresponding current noise ¢, . ..%,4. These current noise sources could equally well have
been transformed to the gate of the respective MOS transistors as a voltage noise source, by

73



CHAPTER 5. OPTIMIZATION OF SWITCHED CURRENT CIRCUITS 74

dividing the current noise source by the square of the transconductance gfn. I have chosen
to use current noise sources.

Each current noise source consists of both a thermal white noise source and a low fre-
quency 1/f noise source, i.e. each noise source can be written as

i = 1% 1S (5.1)
where 7% represents the white noise and i represents the 1/f noise.
We will assume that all of the transistors are operating in strong-inversion and saturation

and that the white noise and the 1/f noise are uncorrelated. This implies that the power
spectral density of the current noise can be written as

Su(f) = 8P () + Sy (f) (5.2)
where

SU(f) = 2Ty (5.3)

g1/t _KF-I .

V) = e (5.4)

In the above equations k = 1.38-10723.J/ K represents Boltzmanns constant, 7" is the temper-
ature in Kelvin, Cj, y is the oxide capacitance per area, L is the channel length, I is the drain
current and KF is the flicker noise coefficient. In Fig. 5.1 we have also shown the voltage
noise sources vgq ...vg3 originating from the switches S;...S3. Each of these voltage noise
sources is a consequence of the on-resistance of the switches. The power spectral density of
these noise sources is given by

Ss(f) = 2kTr, (5.5)

In order to make the noise analysis feasible we have to identify the noise sources that can be
regarded as being small compared to the dominating noise sources. To do so we will look at
the current copier in its copy phase i.e. phase 1.

We notice that all of the voltage noise sources vgj ... vg3 are somehow in series with the
signal current source ¢;y,1. This means that any voltage variations caused by these noise
sources are suppressd. Therefore the noise originating from the switches can be ignored [13].

The only noise sources left are the transistors used to build the transconductor used in
the current copier. The current noise originating from the cascode transistors M2 and M3
can be ignored compared to the noise originating from the memory transistor M1 and the
current source M4.

In order to illustrate that the cascoding transistors will have a very little effect on the
overall noise from the current copier, we will make use of Fig. 5.2. From this figure we see
that the output current noise i,, is given by

. . 9m2 . Im?2
7 = 21—+22(1——> 5.6
" " Im2 + go1 + Go2 " Im2 + go1 + go2 ( )
. Im2 . 9Jol + 9o2
= Ip1 + 12 5.7
" gm2 + Jol + 9o2 " gm2 + 9ol + 9o2 ( )

This equation shows that the noise 7,2 from the cascode transistor is approximately reduced
by the intrinsic gain of the cascode transistor g2/go2 compared to the noise i, from the
main transistor, therefore we will ignore the noise originating from the cascode transistors.
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Figure 5.2: Noise from a Cascoded MOS Transistor

At this point we have seen that the dominating noise sources, in the cascodet current
copier shown in Fig. 5.1, are the memory transistor M1 and the current source M4. In order
to calculate the noise power at the output of the current copier, we will make use of Fig. 5.3
In Fig. 5.3 we have shown the cascode current copier with its equivalent input noise current
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Figure 5.3: Cascode Current Copier shown with its equivalent input noise source

source i,.. Based on the above conclusion and Fig. 5.1 we have that the equivalent input
current noise is given by
Ine = inl + ing (5-9)

where 7,1 and i,4 are the noise from the memory transistor and the current source.

When the current copier in Fig. 5.3 is operating, the noise source i, is sampled on clock
phase 1 and 2. This sampling will affect the white noise and the 1/f noise part in different
ways. This is best illustrated by the signal flow graph in Fig. 5.4.

This SFG shows the transfer function —z /2 of the current copier between the input
irv,1 and the output ¢pyr2. In the SFG we have also shown how the white noise part and
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Figure 5.4: SFG representing the noise sampling

the 1/ f noise part of the equivalent input noise iy, are processed differently by the sampling
process.

The noise samples taken from the white noise source at different time instances are
uncorrelated, which is shown in the SFG as two independent noise sources iy, and iy, o.
The samples taken from the white noise source on clock phase 1 are feed to the input of
the current copier whereas the samples taken on clock phase 2 are feed to the output of the
current copier.

In contrast to the white noise, samples taken from the 1/f noise are correlated which is

/f

shown in the SFG as a single 1/f noise source ine’ feeding both the input and the output of

the current copier.
From the SFG in Fig. 5.4 we have the following transferfunctions for the white noise and
the 1/ f noise

HY(z) = —z /2 (5.10)
HY(z) = 12712 (5.11)

which shows that the 1/f noise is exposed to correlated double sampling (CDS).
From Fig. 5.3 we see that the white noise sampled on clock phase 1 is bandlimited by the

current copier itself. We will here assume that the current copier can be viewed as a first
order system with a bandwidth given by

wo = g—gl (5.12)

where C' is the effective storage capacitance which is given by
C=C1+ Cas1 (5.13)

Based on the results found in Appendix E we find that the power spectrum for the sampled
white- and 1/f noise is given by

sU(f) = —2kT(gm1+gm4) 2”51 (5.14)
" B KFy - T KFp T
se) = f (2coxL%|f|+2ooxL f|> (5.15)

The noise power, at the output of the current copier, in the frequency band [—fg/2;+fs/2]
can now be found by integrating the product of the power spectrum and the squared transfer
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function from the noise source to the output of the current copier. By using the results found
in Appendix E, we get that the noise power at the output of the current copier is given by

2kT gm4>
pr = g2 (142 5.16
: 3Cgm1(+gm] (5.16)
KFy -1 KFp /L1\?
PYI = 2922792 1 (—> 1

Because the transfer function of the current copier is an inverting half clock sample delay,
the amplitude of the output signal is the same as the amplitude of the input signal. The
input signal current to the current copier is a fraction m (|m| < 1) of the bias current I.
This fraction is called the modulation index of the current copier. Based on this, the power
of the signal current at the output of the current copier (assuming that it is a sine wave) is
given by -

P, = % (5.18)

We will now define the signal-to-noise-ratio (SNR) as being the ratio between the signal
power and the noise power i.e.

P
PY + Py,
P, 1
= e (5.20)
Py 14 Pﬁzuf

An interesting factor in this equation, is the ratio between the power of the 1/f noise and
the white noise. This ratio is given by

KF .- KFEp (L,)?
M 22220 (1 + &1 (7) ) (5.21)
P Hbal (1+422)
KFp ()2
- c 22072 KFy 1+ R (2) (5.22)
2CoxWili  2kT - Ky 1+ 4% '

Example 5.1.1
For a typical 2.4um CMOS process (MIETEC) we have the following parameters

KFy = 23-107%
KFp = 7.2-107%
Ky = 5TuA/V?
Kp = 1TpA/V?

Using these parameters at a temperature of T = 300K, we get that the ratio between the
power of the 1/f noise and the white noise is given by

2
1/f 14 0.0313 (L
P
n C 01085 (L“)

Py Casi 14 &2

(5.27)
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If we assume that the memory transistor and the current source have the same channel
lengths and the same saturation voltages, we get that
Py Casi

Ch
Casi

-0.0056 = (1 + > -0.0056 (5.28)
from this equation we see that as long as the external storage capacitance C is less than
178 times the gate-source capacitance Cgg1 of the memory transistor, the white noise will be
larger than the 1/f noise. Often the external storage capacitance C; is equal to zero making
the effective storage capacitance equal to the gate-source capacitance Cgg1. In these cases
the noise power is dominated by the white noise, and the 1/f noise can be neglected if it is
exposed to CDS. m

From the above example we can therefore conclude that if the 1/f noise is exposed to CDS,
the SNR is closely approximated by the ratio between the signal power and the noise power

of the white noise.
Py

P’LU

n

SNR ~ (5.29)

5.1.1 Signal to Noise Ratio SNR
If we insert (5.16) and (5.18) into (5.29) we get that the SNR is given by

1R

SNR (5.30)

(5.31)

(5.32)

It is interesting to note that the above equation states that the SNR depends only on the
storage capacitance C, the modulation index m and on the saturation voltages {Awvy, Avg}
chosen for the transistors. The SNR does not depend on the choice of the bias current I,
which is bounded by some other constraints i.e. the operating speed and the settling errors
(see Chapter 4).

We notice that the SNR can be increased by increasing the storage capacitor or by
increasing the saturation voltages {Awi, Avs}. This shows that there is a trade off between
the size of the storage capacitance and the minimum supply voltage. We might therefore
expect that low-noise circuits with reasonable capacitor sizes are not suitable for low voltage
operation.

5.1.2 Storage Capacitance

By rearranging the expression for the SNR we get that the storage capacitance is given by

Avg
16 (1 + m)

C=SNR - —kT-——+ 5.33
3 m? - Av? ( )
An important observation from the above equation is that if we increase the SNR by 6dB
i.e. 1—Bit, we have to increase the storage capacitor by a factor of four !. Remember that

the SNR is defined as a power ratio.
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Also we notice that in order to minimize the storage capacitance for a given SNR, we
have to make the saturation voltages {Awv, Avy} as large as possible i.e. we have to have a
large supply voltage.

5.1.3 Bias Current

The bandwidth of the current copier is determined by the storage capacitance C' and the
small signal transconductance g,,1 of the memory transistor, we have that

_ gmi _ 21

=20 — 5.34
Y TC T Auc (5:34)
which gives the following relationship for the bias current I.
A
I= woc# (5.35)

By combining this equation with the expression for the storage capacitance we get that the
bias current is given by

A’Ul
16 (1 _Av4)

This equation shows that for a given operating speed wy and a given signal-to-noise-ratio
SNR, the only way to reduce the current consumption is to increase the saturation voltages
{Awvy, Avg} i.e. we have to increase the supply voltage.

This indicates that for some SI circuits the power consumption might be almost indepen-
dent of the supply voltage.

5.1.4 Power Consumption

The current copier is operating in class A, which implies that the power consumption is found
as the product of bias current and supply voltage, we have

(1+42)

5.37
m2 - Avy ( )

16
Psup = VDD I = VDD -wO-SNR- ng
This equation shows us that the power consumption of SI circuits increases if we increase the
operating speed or the signal-to-noise-ratio SNR.

5.1.5 Constraints

Once we have chosen a specific circuit topology for our SI circuit it becomes evident that
there exist some constraints that have to be fulfilled so that our circuit can operate properly.
These constraints give a relationship between the supply voltage Vpp, the modulation
index m and all of the saturation voltages Awy, ..., Av, in the circuit.
In order to minimize the storage capacitance, the bias current or the power consumption
we have to select the optimum choice of modulation index and saturation voltages, while still
fulfilling the constraints of the circuit.
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5.2 Optimization

Often when designing switched current circuits for a specific purpose, we are interested in
a circuit that has a specified signal-to-noise ratio SNR, a specified total-harmonic-distortion
THD and that is capable of operating at a specified sampling frequency.

At the same time we might be interested in minimizing the storage capacitance, the
current consumption or the power consumption.

In this section we will present an optimization methology that can be used for designing
switched-current with the above requirements. The optimization methology is presented
below.

Methology

The optimization methology is based on noise analysis, as shown in the previous section of
this chapter. The steps necessary for carrying out the optimization are shown below.

SNR . : Establish an expression for the signal-to-noise-ratio SNR, from which we can derive
expressions for the storage capacitance, bias current and power consumption.

Constraints : From the circuit topology we get the constraints, that set a bound on the
modulation index m and on the saturation voltages Awvy, ..., Av,, for a given supply
voltage Vpp.

{C,m,Avy,...,Av,} : Using constrained minimization we are able to determine the storage
capacitance C, the modulation index m and all of the saturation voltages Avy, ..., Av,.

I : The bias current is determined by the settling behavior and by the operating speed of
our circuit. The settling behavior is often dictated by the total-harmonic-distortion
THD requirements as shown in Chapter 4.

Example 5.2.1
This example will illustrate how the above methology can be used to optimize a cascade
connection of two current copiers i.e. a sample delay. We will show the optimization for two
different current copiers topologies, a cascode current copier and a folded cascode current
copier (see Chapter 2 and Chapter 3) and compare the results.

The constrained optimization of the circuits is performed using the function CONSTR found
in the optimization toolbox in MATLAB.

Cascode Structure

One of the circuits that we are going to optimize is shown in Fig. 5.5. It consists of a cascade
connection of two cascode current copiers forming a sample delay. We immediately notice
that each of the current copiers in Fig. 5.5 is the same as the current copier described in the
introduction of this chapter.

SNR : Because this sample delay is made from a cascade of two current copier similar
to the one described in the introduction of this chapter, we can directly cascade two of the
SFG’s shown in Fig. 5.4 in order to construct a SFG describing the sampling of the noise
sources in the sample delay.

Based on this we immediately see that there is generated three times more noise in the
sample delay than in a single current copier. The expression for the SNR is therefore given
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Figure 5.5: Sample delay made from cascading two Cascode Current Copiers

m? - Av?
48 kT Ay
30 (1 + Av4)

Constraints : Before we can optimize the circuit we have to determine the bounds on the
variables that we want to optimize. From Fig. 5.5 we see that there are three constraints
that must be fulfilled so that the circuit can operate properly.

C-1. Vpp > VTN + AvivV1 +m + Avg + Ay
C-2. Vp, > Auwy (\/1—{—m— V1 —m) + Avgv/1 +m

C-3. VTN > Avoy/1+m

The first constraint is necessary to maintain M3 and M4 in saturation for a full scale input

SNR = (5.38)

signal. The second constraint bounds the signal swing at the input of the memory transistors
so that they stay in saturation. And the third constraint sets a bound on the saturation
voltage of the cascode transistors so that it will stay in saturation.

Folded Cascode Structure

One of the circuits that we are going to optimize is shown in Fig. 5.6 and it consists of a
cascade connection of two folded cascode current copiers forming a sample delay.

SNR : The overall topology of this circuit is the same as the topology of the cascodet
sample delay. Therefore the SFG describing the sampling of the noise sources is the same as
the SFG used for the cascode sample delay. The only exception is that the equivalent input
noise source is now given by

tne = Inl + na + ins (5.39)
We therefore conclude that the expression for SNR of the folded cascode sample delay is
given by
m? - Av?

3 C ( A;))i AZ;)

(5.40)




CHAPTER 5. OPTIMIZATION OF SWITCHED CURRENT CIRCUITS 82

VDD VDD

Figure 5.6: Cascade of Folded Cascode Current Copiers

Constraints : Before we can optimize the circuit we have to determine the bounds on the
variables that we want to optimize. From Fig. 5.6 we see that there are two constraints that
must be fulfilled so that the circuit can operate properly.

FC-1. Vpp > VTN + AvivV1 +m + Ave + Avs
FC-2. Vi, + A1 —m > Avs + Avy

The first constraint is necessary to maintain M3 and M5 in saturation for a full scale input
signal. The second constraint bounds the signal swing at the input of the memory transistors
so that the bias transistors M3 and M4 stay in saturation.

Optimization

In the constrained optimization the threshold voltage was set to Vp, = 0.7V. Also the lower
bound on any saturation voltage was set to 0.15V.

The constrained minimization showed that the optimum choice for the saturation volt-
ages Ave and Avz was 0.15V (the lower bound) independent of the supply voltage i.e. the
saturation voltage of the cascoding transistors should be made as small as possible.

Minimizing Storage Capacitance By rearranging the equation for the SNR we get that
the storage capacitance for the cascode circuit is given by

Avy
48 (1 Av4)
C=SNR - —kT-——— (5.41)
3 m? - Av?

and that the storage capacitance for the folded cascode circuit is given by

A A
L+ AR 4280

m? - Av?

48
C = SNR- EkT( (5.42)

In Fig. 5.7 we have plotted the minimized storage capacitance for various supply voltages.
By increasing the supply voltage we are able to maintain a larger signal swing at storage
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Figure 5.7: Minimized Capacitance dependence on Supply Voltage. The capacitance is nor-
malized with: SNR - %kT

capacitor, giving an increased SNR. Therefore the storage capacitor is reduced as shown in
Fig. 5.7.

At high supply voltages, the storage capacitance of the folded cascode current copier gets
somewhat smaller than the storage capacitance of the cascode current copier. The reason for
this is that at high supply voltages the voltage swing at the storage capacitor in the cascode
CCOP is limited by the threshold voltage V7, as shown in constraint C-2. This limitation
is not found in the folded cascode CCOP.

For both the cascode and the folded cascode CCOP’s we se from constraint C-2 and FC-2,
that a low threshold voltage Vr, will limit the available signal swing at the storage capacitor,
leading to increased power consumption. This is especially true for the cascode CCOP and
if designing SI circuits using a low-V7 CMOS process one should consider to use the folded
cascode topology.

If however the threshold voltage is reasonably high e.g. around 0.9V one should use the
cascodet topology at low supply voltages.

At low supply voltages the folded cascode CCOP needs a larger storage capacitor than
the cascode CCOP to obtain the same SNR. This is simply because the folded cascode CCOP
is more noisier than the cascodet CCOP, se the SNR expressions.

In Fig. 5.8 we have plotted the power consumption for the minimized storage capacitance
at various supply voltages. We notice that the power consumption of the folded cascode
CCOP is almost independent of the supply voltage, whereas the power consumption of the
cascode CCOP increases almost linearly with the supply voltage.

Minimizing Power Consumption By rearranging the equation for the SNR we get that
the power consumption for the cascode circuit is given by

Avy
48 (1 + Av4)
Psup:VDDwoSNR ?kTW (543)
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Figure 5.8: Power Consumption for Minimized Capacitance. The power consumption is
normalized with: wg - SNR - %kT

and that the power consumption for the folded cascode circuit is given by

(1+ 42 +252)

m? - Au;

48
Pup = Vpp wo - SNR+ kT (5.44)

In Fig. 5.9 we have minimized the power consumption for various supply voltages. This figure
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Figure 5.9: Minimized Power Consumption dependence on Supply Voltage. The power con-
sumption is normalized with: wg - SNR - 4?8]€T

shows that the folded cascode CCOP has a power consumption that is almost independent of
the supply voltage, whereas the power consumption for the cascode CCOP increases almost
linearly with the supply voltage.

We notice that the crossing of the cascode and the folded cascode CCOP is around 5.3V
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In case we are using a low-Vp CMOS process this crossing will decrease drastically making
it more feasible to use folded cascode topologies for low-voltage and low-Vr CMOS process.

If however the threshold voltage is reasonably high e.g. around 0.9V one should use the
cascode topology at low supply voltages.

In Fig. 5.10 we have plotted the storage capacitance for the minimized power consumption
at various supply voltages. This figure is similar to Fig. 5.7 which shows the minimized
storage capacitance. Again the storage capacitance of the cascode circuit will saturate at a
level somewhat higher than the folded cascode circuit.
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Figure 5.10: Capacitance for Minimized Power Consumption. The capacitance is normalized
with: SNR - 2,7

Minimizing Bias Current By rearranging the equation for the SNR we get that the bias
current for the cascode circuit is given by

Av
48 (1+—Avi)

[ =w, SNR-—kT~——"%/ 4

wo SNR - KT (5.45)

and that the bias current for the foldet cascode circuit is given by

Avy Avg
48 1+ +2
I=w,-SNR- ?kT( 31+ 250)

5.46
m? - Avy ( )
In Fig. 5.11 we have minimized the bias current for various supply voltages. For increased
supply voltage, the bias current in the folded cascode circuit will decrease, whereas the bias
current for the cascode circuit will saturate at a given level. This is due to constraint C-2
found in the cascode CCOP. m

5.3 Switched Current Circuits Operating in Weak-Inversion

When a MOS transistor is operated in weak-inversion, the square law relationship between
gate voltage and drain current is replaced by a exponential relationship much like that for a
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Figure 5.11: Minimized Bias Current dependence on Supply Voltage. The bias current is
normalized with: wg - SNR - %kT

bipolar transistor. There is however a major difference between a MOS transistor in weak-
inversion and a bipolar transistor and that is that there flows no current into the gate of the
MOS transistor in contrast to the base current in the bipolar transistor.

The relationship between the drain current and the gate voltage for a MOS transistor
operating in weak-inversion and saturation can be written as

iD = Ipoenl‘% (5.47)
Also the power spectral density of the white noise in the drain current is given by
Sw = 2kT97m (5.48)

In order to investigate the feasibility for switched current circuits operating in weak-inversion
we will perform a noise analysis on a simple class A current copier operating in weak-inversion.
The structure of this current copier is the same as for the simple current copier described in
a previous chapter.

The total power spectral density at the input of the current copier is given as the sum of
the power spectral densities of the current source and the memory transistor. We have that

1
Sin = 2kT§(gm1 + gmo2) (5.49)

This noise is in the copy phase, bandlimited by the memory transistor, leading to a sampled
white noise with a power spectrum of
1 Im?2 kT .92 2 9m1

wo=2kT— Lome M dm2 gy Ime 5.50

St = KT 5 (g + ) - S = - - 82 (14 2L (5.50)
The total power of the sample noise can be found by integrating the power spectrum over
the frequency band of interest. Assuming the the we utilize all of the frequency band i.e.
[—fs/2;+fs/2] we get that the noise power is the same as (5.50) Because the current copier
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operates in class A, the input current must be a fraction m of the bias current I. This leads
to a signal power of

2[2
Py = m2 (5.51)
The signal to noise ratio (SNR) can now be calculated as
P. 2[2
SNR= = =C- ik - (5.52)
i BT (14 221) g2,

From the relationship between the drain current and the gate voltage we have that the small

signal transconductance is given by
1

T nVt
If we insert this in the above equation we get that the signal to noise ratio SNR is given by

gm (5.53)

Pis _c. mZV'tQ

N: =
SNR P 2kT

(5.54)

This equation shows that in order to get a large SNR we have to use a very large capacitor
because the voltage signal swing is limited by the weak-inversion operation.

The need for a large capacitor C' will imply a need for a large transconductance g,,2 in
order keep the bandwidth high to get a proper settling of the current copier.

Therefore the consequence of operating in weak-inversion is that the current consumption
will be high and the chip area will be large. This shows that requirements for low-power
operation should not dictate the use of weak-inversion switched current circuits.



