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Abstract

DESIGN OF 16-BIT XA MODULATOR IN 0.35ym
CMOS PROCESS

Sasi Pavan Majety

Analog-to-digital converters (A /D) form the interface between analog and digital
domains. These form an important role in the present day mixed signal processing.
YA A/Ds form a class of oversampled A /D converters that get high resolution us-
ing low bit quantizers (typically 1-bit). This class of A /Ds are best suited for audio,
video signals and for instrumentation purposes, where in the signal frequency is
few kHz. With technology scaling the frequency range of operation of these A/Ds
is also increasing. The project aims at implementing ¥A modulator with 16-bit
resolution for audio applications (4 kHz bandwidth). A bandgap voltage reference
which is a part of XA is also designed. Various constraints governing the system
performance are studied. These constraints are then modelled in Matlab and Ca-
dence and the design specifications are met. The system is then implemented on a
typical 0.35um CMOS process and is simulated. The layout of the system was also
done in Cadence and sent for fabrication. A PCB has been designed for testing the
chip.
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Chapter 1

Introduction

1.1 Overview of XA Modulators

YA ADC form a class of oversampled data converters. These converters trade for
resolution in time to that of resolution in amplitude. These acquire high resolution
without much trimming in the component values. These are widely used in many
applications like audio and video signal processing, instrumentation, telecommu-
nication and etc. The present section gives a brief review of the modulator and

some of the technical terms being used in the literature for these modulators.

YA modulator uses a recursive algorithm (feedback loop) for finding the dig-
ital value of the analog input. For, each input level it generates an output sequence
whose average represents the input level by a number of necessary or sufficient
bits. Each sequence is generated using clock. So the clock has to run at speed
much higher than the signal itself. Hence these are called oversampled converters.
Once the sequence is obtained further processing can be done in digital domain
which is easy to realize. Fig .1.1 shows the basic idea of the modulator. The 1 bit
quantizer generates a +1 or -1 depending on whether the output of the summer
is positive or negative respectively. The DAC generates an analog output voltage
corresponding to this value and feeds back to the summer in a negative manner.
This will ensure that the output of the summer is restricted in both directions. The

difference (A) between the input sample and feedback signal is accumulated in
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Figure 1.1: Basic idea of the ¥*A Modulator

the summer (X) for each clock pulse. Hence the modulator gets its name X A. The

output of the A block after n clock pulses can be written as
nVin — XVous =0 (11)

where, ¢ is a bounded quantity due to negative feedback. Rearranging terms in the

above equation one can write
Vin = XVou/n+d/n (1.2)

As, n increases the average of output matches the input. This idea can be well
extended to a second order modulators where in there will be two integrators in

cascade. The above relation for this case is given by

L2 Vout 0

V= )2 T a2

(1.3)

This relation shows that n need not be as high as in the first order case to get
the same error. So, for obtaining same resolution in both order modulators one
needs lesser oversampling ratio in a second order system compared to a first order
system.

The quantization of analog sampled data signal to create finite number of
levels introduces quantization error. If the signal itself is unpredictable, the error

due to quantization process is also unpredictable. So this error can be called as



quantization noise. The quantization noise is assumed to be uniform ie constant
over all frequencies. In literature it is termed as white noise [12]. Referring back to

Fig. 1.1 the input and output relations in Z-domain can be written as follows
Vour(2) = (Vin(2) = Vour(2)) /(2 = 1) + 2Qn(2) (14)

where, @, (2) is the Z-transform of the quantization noise added by the quantizer.

= Vour(2) = 27 Wi (2) + (1 — 271 Qn(2) (1.5)

Thus the quantization noise gets high pass filtered in the modulator. In other-
words, the modulator reduces the in band quantization noise and pushes it away
from the signal band. This is called as noise shaping in ¥A modulators.The out
of band noise can be filtered out using digital filters. Thus a high resolution is

obtained using a single bit quantizer.

1.2 Ideal 2nd Order > A Modulator

U(z lto digital
Ho—— e e
D ¢ T T+ + (2)
Z—1

Figure 1.2: Block diagram of 2nd order XA modulator

The block diagram of 2nd order ¥A ADC is given in Fig. 1.2. Fig. 1.3 shows
the modified architecture of Fig. 1.2 [1]. Simulations reveal that Fig. 1.2 is easy
to realise and has lesser signal ranges within the integrators [1]. So, the modified
architecture has been chosen for the implementation. E(z) represent Z-transform
of the quantization noise which is assumed to be random and uncorrelated with

the previous values. X (z) and Y (z) are the Z-transforms of the input and output
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Figure 1.3: Modified block diagram of 2nd order XA modulator
respectively.
0.5271
2271

Using (1.6) and (1.7) in the above equation after some simplification Y(z) is given

by
2

Y(2) =272X(2) + (1 - 27") E(2) (1.9)
Y(2) = STF(2)X(2) + NTF(2)E(z) (1.10)

where,

STF(z) is the signal transfer function obtained by suppressing quantization noise
in (1.9)

NTEF(z) is the noise transfer function obtained by keeping

input zero in (1.9)

INTE(f)] = [1 — e 72752 (1.11)
where,
T,: Sampling period

= NTF(f) = 4sin’(7 fT,) (1.12)
Let A be the LSB of the quantizer. If white noise nature is assumed for the quanti-

zation error, it can be shown that the noise power is given by A?/12 [3]. The input



is sampled at a rate f,. The quantization noise is distributed uniformly in the range
[—fs/2, fs/2] (since white noise nature assumed). The noise power spectral density
of the modulator is obtained by multiplying the quantization noise power spectral

density with the square of the noise transfer function obtained in (1.12).

2 AQ
SZA(f)=:£gZ€é§§l—— (1.13)

where,
Ssa(f): noise power spectral density for the modulator
If the input signal is assumed to be in the band [ f;,/2, f,/2], then, the total noise
power in the signal band is obtained by integrating the above expression over the
band [ f,/2, f/2].
Nowww = [ Sa(r)df (1.1)
/2

where,

Ninpw : Noise power in the input signal band

Input is sampled at much higher rate than the signal frequency itself. So, f; >>
f». For low frequencies (frequencies within the input signal band), sin(7 f7) is

approximately equal to 7 fT§. Using this relation in (1.14) the noise power is given

by
A2 [ fo/2 4
N, :-——-/ 27 T, 1.1
BW 12 fs 7fb/2( 7Tf ) df ( 5)
A27T4f5
Ny gw = b 1.16
= BW 60f§’ ( )

Oversampling ratio is given by f,/ f,. Substituting for f,/ f, in above, we get

A%t

Nipw = ——— 1.17
BW T 60 OS RS (1.17)

where,
OSR : oversampling ratio
If the signal is assumed to have a maximum power of F;,, then the signal to noise

ratio (SN R,,..) can be defined as

Psi
SNRmax = 1010g <N7g
inBW

) dB (1.18)



Assuming the input to be a sinusoidal wave, the maximum peak value with out
clipping is A. So, the maximum power associated with this amplitude is A?/2.

Using this in (1.18)

A%rt
— 2 _ _
SN Ry = 1010g (A?/2) — 101og <60 o R5> dB (1.19)
SN Ry = 50log (OSR) —5.115 dB (1.20)

Thus, by every doubling of OSR the SNR is increased by 15dB. In otherwords,
there is a 2.5 bit gain in every doubling of OSR. This illustrates how a low bit (1-bit

here) quantizer is used to get resolution higher than the quantizer itself.



Chapter 2

Nonidealities in >/ Modulators

2.1 Effect Of Gain Of opamp On XA Modulators

This section covers the effect of both the finite linear gain and non linear gain of

the opamp on the performance of the XA modulators.

2.1.1 Effect of finite gain
+

C,
vin 7\
0y 02 Vi A
- |+
%ﬁ ?qn

02 02 b2, 02

I R R BN R I LB B
k-3/2 q)1 k-1/2 q)1 k+1/2 q)1 k+3/2 tlme

——O
vout

e

Figure 2.1: Switched capacitor integrator



This section covers the effect of finite gain of the opamp on the performance
of XA modulators. Fig. 2.1 shows the schematic of the switched capacitor inte-
grator. Each clock cycle is split into even and odd phases as shown in Fig. 2.1. It
is assumed that the input and output voltages are constant when ¢, is high. The

charge stored on C; at the end of phase 1 (i.e ¢; ON)
ch = Cl’ljm((k -+ 1/2)TS) = Clvin(kTs) (21)

where,
T,: sampling frequency (frequency of operation of the switches)
k: integer representing £ clock cycle

Similarly,the charge stored on C, during this phase is,

Qoy = Co (Vour((k + 1/2)T;) — 01 ((k +1/2)T5))) (2.2)

Assuming the open loop gain of the amplifier to be equal to A, (2.2) can be rewrit-
ten as

Qcy, = Covou((k +1/2)T5) (1 +1/4) (2.3)

Vot 18 constant during this phase. So,
Qc, = Covg (kT) (1 +1/A) (2.4)

When ¢, is ON C discharges until v, equals v1. The charge on both the capacitors

during this phase can be written as
ch = —Clﬂl((k + 1)T5) (25)

Qc, = Covgu((k+ 1)Ts) (1 4+ 1/A) (2.6)

Charge conservation states that the change in charge across both the capacitors

should be equal.
= Clvin(kTs) - CIUI((k =+ 1)Ts) - 02 (1 + 1/A) (Uout(kTs) - Uout((k + 1)Ts)) (27)

After some simplifications and applying the Z - transforms on the above result we

get
Qz_l

Vout (Z) Co (28)

Vin(2) (1+1/A) (1 -2+ ACCI'f)




One more way of writing the above equation is
ACq —1

Vout\? AC 101105~
Vin ((Z)) T 71;22%&{202 z~1 29)
From [1] we have,
S H(z) = G (210)
1— Pyz1
where,
e ACy

0= AC,+C1+C

_ _ACHCs
o= AC>+C1+C>

When A tends to oo (2.8) approaches the ideal integrator transfer function. The
finite gain causes only a fraction of the previous output to be added to the new

sample [1] .

2.1.2 Effect of non linear gain

The opamp is assumed to have only odd order non-linearity. This is a valid as-
sumption because fully differential configuration of the opamp cancel even order
terms of the non linear gain. The model for the opamp is assumed to be of the form
atanh(fv;) where v; is the input voltage across the positive and negative terminals
of the opamp, o and f3 are the constants pertaining to the opamp being used. The
model used for the analysis of the non linear gain is given in Fig. 2.2. During ¢,

phase the charge on both capacitors C; and C is given by

Qc, = Cyvin (2.11)
Qo, = Ca(voy — Av) (2.12)
:>Q02 = 02vcap (213)

The polarity of these charges is shown in Fig. 2.2. During the next phase these

charges can be rewritten as

Qc, = Ci(Dvpey — Av) (2.14)



Av |otanh(-BAv) —©
out

P2 01 h

DVref —_—

Figure 2.2: Modelling the non linear gain of opamp

QCQ = (o (Uout - AU) (215)
= Qc, = Cy(atanh(—pFAv)— Av) (2.16)

If one considers a closed Gaussian surface around the bottom plate of both the
capacitors, Gauss law states that the sum of net change in charge on both the ca-
pacitors is zero. So,

AQCI + AQC2 =0 (217)

= C1 (vin — Dvyeg + Av) + Cy (Vqp — atanh(—FAv) + Av) = 0 (2.18)

= —Cyatanh(—Av) + CoAv + (vin — Dvyep)Cy + Cotiggy = 0 (2.19)

The above is a nonlinear equation that has to be solved for Av. Form, Av we can

write v,,; and v, for the next phase as

Vout = atanh(—pAwv) (2.20)
= Vput — AV (2.21)

Veap

A Matlab code is written to solve 2.19 for Av and find v, and v.,,. @ and 3 are
estimated form the designed opamp characterstics. These values turn out to be
3.196 and 1094 respectively. Fig. 2.3 shows the frequency spectrum of the output
for the modelling done in Matlab. The low frequency components are shown in

Fig. 2.4.
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Figure 2.3: Output spectrum of the non linear model
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Figure 2.4: Low frequency components of Fig. 2.3



2.2 Settling Process In XA Modulators

vout
O

e

vid

Figure 2.5: Model of integrator for settling analysis

In this section the effect of settling of the integrator in ¥A modulators is dis-
cussed. The settling process can be classified into two types. Linear settling and
the non linear settling. The later is caused due to the slewing of the opamp. Lin-
ear settling appears as a gain error [1]. The present section mainly covers the non
linear settling or the slewing in the integrator. Fig. 2.5 shows the model assumed
for the analysis of non linear settling process. This is the equivalent circuit during
the integration phase. During this phase the voltage vin is a constant whose value
is equal to the charge stored on the capacitor during the sampling phase. Here
only single pole model is assumed. The I-V characteristics of the transconductor
are given in Fig. 2.6. g,, is the transconductance and is equal to the slope of the

straight line AB. From this plot a few equations can be derived.

Vmaw - Itail/gm (222)
Vi = SRT (2.23)

where SR and 1/ are the slew rate of the transconductor and dominant pole of the

integrator respectively. Depending on the input applied three ways of settling can



Itail

A

<y

Vmax
Om

A Y

Figure 2.6: I-V characteristics of the transconductor

be thought of.

Case 1: Completely linear settling

From Fig. 2.5

¢, + vin G
Cl + 02 Cl + 02

vid = vout

Assuming G, = C/C5 equal to 0.5

= vid = 2vout/3 + vin/3

gmvid(t) = 02d (vid(t) — vout(t))

dt
= gm (2vout(t) +vin(t)) = _CQW
N d(vout(t)) N 2gmvout(t) _ —g—mvin(t)

dt Cy Cy

Solution of the above differential equation gives
vout(t) = vout(nT — T) + GoViamp (1 - e’t/T)

where,

vout(nl — T'): initial charge at the beginning of the integrating phase

(2.24)

(2.25)

(2.26)

(2.27)
(2.28)

(2.29)

(2.30)



1/7: gm/C2 (bandwidth of integrator)

Vsamp: charge sampled on to C; during sampling phase phase

Case 2: Completely slewing

This is the case when the input is so large compared to V,,,4,, such that by the end
of the integrating phase the opamp is still in the nonlinear region. For this case the

output voltage can be written as
vout(t) = vout(nT —T) + SRt (2.31)

Case 3: Partial slewing
In this case the opamp initially slews and then enters the linear region. The expres-
sion for this case is similar to that in (2.30) with the initial conditions changed. The

general solution of (2.29) can be written as
vout(t) = A+ B (1 - e’t/T) (2.32)

Let the time for slewing be t,. Att¢ = t, the output voltage form case 2 can be
written as

vout(ty) = vout(nT — T) + SRty (2.33)
(2.32) can be rewritten as
vout(t) = A+ B (1 - e’(t’tO)/T) (2.34)

Using (2.33) in (2.34) A equals to vout(nT — T') + SRt,. In steady state the output
voltage equals vout(nT — T') + G,Viamp- Using this condition the value of B is

obtained. The complete solution for this case can hence, be written as
vout(t) = vout(nT — T) + SRty + (GoVsamp + SR o) (1 - e’(t’tO)/T) (2.35)

= vout(t) = vout(nT —T) + GoViamp + (SRto — GoViamp) (1 - e’(t’tO)/T) (2.36)

The above results are modelled in Matlab and the effect of the settling process on
the singal to noise ratio is studied. Fig. 2.7 shows the relative error in the signal to

noise ratio for different slew rates.
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Figure 2.7: Relative change in SNR for various slew rates
2.3 Noise Analysis In >A Modulators

There are many sources of noise in the XA modulators apart from the quantiza-
tion noise. But, the one that is of intrest to us is the noise at the input of the first
integrator. The noise present at input of the comparator undergoes the second or-
der noise shaping and the noise at the input of second integrator undergoes first
order noise shaping [1]. Another way of explaining is the the noise at the input of
the second integrator gets divided down by the large DC gain of the first opamp,
when refered back at the input of first integrator. Hence, both are neglected. The

noise appearing at the input of the first integrator is only described below.

2.3.1 Thermal Noise

The switched capacitor integrator ac equivalent circuit is given in Fig. 2.8. ¢; and
¢, are two non overlapping clocks. C'; and C; are the sampling and integrating ca-
pacitors respectively. v;,, and v, are the input and output voltage respectively. The

major contributors to the thermal noise are the input refered noise of the opamp



+ VOUt

Figure 2.8: AC Equivalent of SC Integrator

and the finite on resistance of the switches. The leakage resistance of the capacitors
also contributes to the thermal noise but is not considered here. Since, this is a time

varying system having two phases, two cases are to be considered separately.

2.31.1 CASE1: ¢, ON

Figure 2.9: AC Equivalent during phase ¢,

During this phase, the thermal noise is only due to the finite ON resistance
of the switches. The AC equivalent including the noise sources is shown in Fig.
2.9. 72 is the noise spectral density of the resistor, given by 4kTR,,,. The voltage
transfer function across the capacitor from each of the noise sources is given by

1
1+ jw2R,,Cy
B 1

14 4 (wRy, Ch)

H(jw) (2.37)

H (jw)[? (2.38)




The total noise power is obtained by multiplying (2.38) by the voltage spectral
density and integrating along the entire frequency range. Hence, total Noise power

during this phase is given by (two switches so 8kT'R,,,)
Ny = / T SKTR,, |H(w)|” dw (2.39)
0
This value turns out to be equal to kT/C;.

2.3.1.2 CASE2: ¢, ON

|(
C1/Cz=0.5 | \
I:{on C2
\|
VA C” L )
@ vnsw2 Y r __VOUt
_ T-C
Vnopamp2 <+>g V. .

Figure 2.10: AC Equivalent during phase ¢,

The noise contributors in this case are the same as the previous one except
for the opamp. In this phase the thermal noise of the opamp must also be consid-
ered. Fig. 2.10 shows the equivalent circuit along with their noise sources. The
2 772

nsw’ Unopamp) are uncorrelated. Hence, noise from these sources

two noise sources (T
is considered one at a time and then their powers are added to get the total noise

power.

Noise contribution due to Integrating Switch (S5, S,)
The integrating capacitor keeps on accumulating the charge being sampled by the

sampling capacitor. The comparator following this, switches state in accordance to



the charge on integrating capacitor. So, the noise voltage across C is considered.
Voltage across C is v;-v,y: (see Fig. 2.10).

(0i(8) = Vnsw(s)) C
1+ Ronols

+ (vi(8) = Vour(s)) Ca = 0 (2.40)

(Vout (5) — vi(5)) sC2 + gmvi(s) + Vour(s)sCp =0 (2.41)

From (2.41) we have
sCy — gm

= 0;(8) ———— 2.42
a(s) = 0 G e42)
From (2.40)
Cl 302 — dm Cl
‘ - 1— — " | =v,0(5) ————— 2.43
uis) (1 Ry T < s(Cp+ @))) v ()T R (2.43)
0i(5) (5C1 (Cp + Co) + Co (14 5RonC) (5Co, + gun)) = Vnus(5)5C1 (Cp + Ca) - (2.44)
v; () s(Cp+Cy)
=05 2.45
Unsw(s) 52R0nClCL + s (Ronclgm + 1.5CL + Cl) + 9m ( )
302 — 9m
ou — U.JY; 2.46
=0 t(S) 05U (8)82R0n010L+3(R0n01gm+]..5CL+C]_)+gm ( )
Using (2.45) and (2.46)
(5) — vi(s) = 0500(s) s (247)
Vout(S) — V;(8) = 0.0V (S = 3 .
: 1+ 2 (RonCigm + 1.5C, + Cy) + £l
NTF,,(s) = Loutl) = 0ls) (2.48)

Unsw(s)

where, NT'F; 4, denotes the required noise transfer function from 72 . to the volt-

nsw

age across integrating capacitor.
sCp
1+ gm

L+ 2 (RonCigm + 1.5Cy + Cy) + ZHenCiCL

= NTF,4,(s) =0.5

(2.49)

We have 72

nsw

is equal to 4kT'R,,. The total integrated noise spectral density is

obtained by integrating the above expression [2].

Nige = [ AKTRon| NTF g, (w) P (2.50)
0

0.25 (C}, + gmRonC1) kT
Nig, = 2.51
- b Cl (Ronolgm + ]-5CL + Cl) ( )




Noise contribution due to OPAMP
The total thermal noise contributed by the OPAMP is represented using a single

2

equivalent noise voltage source 7;,,,,,,

at the input. Referring to Fig. 2.10 contri-
bution of opamp to total noise power is derived as follows

For this case v,,,, is made zero and the transfer function is obtained

4 B
Ui(S)m + (vi(5) — vout(s)) C2 = 0 (2.52)
G = 2.53
= vils) <02 (1+ sR,,Cy) + 1) = Your(5) (2:53)
(Vout () — vi(5)) SC + Vout(5)SCL + g (Vi(S) — Vnopamp(s)) = 0 (2.54)
= Ut () (s (C2 4+ CL)) — vi(8) (sC2 — gm) = ImVnopamp(S) (2.55)
Substituting (2.53) in (2.55) we get,
Ui(s) <S(OC’§—+61L)1 - 302 - gm) = gmvnopamp(s) (256)
1+sRon C1

9Im (1 + Roncl)

= v; — Unopam 2.57
0il5) = Vnapamy (3) FR—mer 5 (g RonCr + 150, 10500 +gm &)
(]- + Roncl)
= vi(s) - U"OP‘“"P(S) 2 RonC1Cy + S(ngoncl+1.5cL+0.5C2) +1 (2'58)
9m 9m
Using the results from (2.53)
g—; (]_ —+ sRonC’1)
vo“t(s) - U"OP“’"P(S) 52 RonC1Cy + S(ngon01+1.5CL+0.502) +1 (2'59)
9m 9m
0.5Un0pamp ()
Vour(s) = vils) = 2 EonCiCL _  (mRonCi+15C,405Cs) | (2.60)
9m 9m
Vout(8) — vi ()
NTF 4,(5) = ————— (2.61)
” Unopamp (9)

where, NT'F; 4, denotes the noise transfer function from the opamp noise source

to the voltage across integrating capacitor.

0.5(s)
82 RongCICL + S(ngoncl+g1~5CL+0~5C2) 41

= NTFy,,(s) = (2.62)




We have, v?

nopamp

equal to 4k71vg,,. Integrating the above equation gives the noise

contribution due to opamp during this phase.
= Ny, = / ATy G| NT Fy g, (1) [P (2.63)
0

After simplification from [2] we can write

kT~

2.64
9nRonC1 + 1.5CL + 0.5C; (2.64)

= N2’¢2 —

The above equation is modelled in Matlab and the results are compared with those
obtained by modelling the circuit shown in Fig. 2.10 in Cadence. Fig. 2.11 shows
the results obtained both in Matlab and Cadence.
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Figure 2.11: Simulation results of the thermal noise model obtained in Matlab and
Cadence

Residual noise due to Opamp during phase ¢,
The opamp noise voltage of first opamp 73,,,,,, Causes some noise voltage at its
output during the sampling phase. This noise is sampled by the second sampling

capacitor. The equivalent circuit for this is given in Fig. 2.12

(Unopamp(s) - Uout(s)) 9m — Uout(S)SCL =0 (265)



f Vout

2
nopamp

vV,

Figure 2.12: AC Equivalent during phase ¢; for Opamp

1

= Uout(s) = Unopamp(s)@ (266)
The total noise contribution is obtained by integrating (2.66)
Nopg, = / |Vout (w) [ dw (2.67)
0

Gm _
= N0P7¢1 = C_vawpamp (268)

4ET
= Nop,¢1 i (269)

Cr

When ¢, is ON the sampling capacitor stores noise due to the switch. During the
other phase the integrating capacitor accumulates this noise in additon to the noise
contributed by the opamp and the integrating switches. Since, all the noise sources
are uncorrelated their noise powers are added to get the total thermal noise during
both the phases.

Ny = Ng, + Nigy + No gy, + Nopg, (2.70)

This power is uniformly distributed over the entire frequency range. Since the
system is sampled periodically at a frequency f, the power from higher frequencies
is aliased back into the base band, the noise spectral density is given by % V/ VHz.
Hence, the power in a bandwidth (BW) is

Ningw = (Ngy + Nigy + Nog, + Nopg,) BW/ f (2.71)



1 2 mBon 4 BW
thh,BW:kT< 0 5(CL+g R Cl)—F’YCl _’)’)( )

Oy T O RonCrgm+ 150, + 0 o )\ R
This is the total integrated noise power in the singal band due to the switch ON

(2.72)

resistance and due to the opamp thermal noise. This expression is used to find
the minmum value of the sampling capacitor being used and is explained in detail

later.



Chapter 3
2A Modulator Design

3.1 XA Modulator Design

Fig. 3.1 shows the schematic of the 2nd order ¥A modulator. Fully differential
configuration is preferred to the single ended version since the former has the ad-
vantage of cancelling any signal symmetrical to both positive and negative inputs.
The circuit consists of two switched capacitor integrators with gain of 0.5 each fol-
lowed by a comparator, latch and a DAC. Comparator and the latch convert analog
output of the second integrator into binary bits (outp, outn). DAC generates two
analog levels, vrefp+ and vrefp-, to be fedback into the integrators. The analog value
being fedback is determined by the binary bits generated by the comparator and
latch. The switched capacitor integrators are controlled by two phase non over-
lapping clocks generated form a single master clock. Switch Ss is opened slightly
ahead of S5. This ensures that the bottom plates of the sampling capacitors (1.6 pF
and 0.5 pF) are floating for sometime before the next phase starts. During this time
no charge can leak through the sampling capacitors and hence onto the integrat-
ing capacitors. Thus, signal dependent charge injection will be reduced. Similar
reason is accounted for opening S, ahead of S; and S;. If only NMOS or PMOS
devices are used as switches at the input, as the input changes the gate source volt-
age of the device change. So the resistance of the switch is different for different
values of input voltage. This causes harmonic distortion in the sampled voltage.

Hence, reduce SNR of the modulator. If the gate source voltage of the device is

23



Figure 3.1: Schematic of 2nd order ¥A modulator



held constant for different values of input voltage, the resistance will be a con-

stant and hence harmonic distortion is reduced. Bootstrap switch given in Fig. 3.2

Tvin

i -

0.7/0.35

Vg

1 : :
—|_t<_)osampllng capacitor
V2

0.7/0.35

Figure 3.2: Bootstrap switch used to reduce harmonic distortion

serves this purpose. When the clock (clk) signal is low M1 conducts. Since, diode
connected, the device operates in the saturation region. The capacitor during this

phase charges to a voltage vg given by
vg(nTy) = vin(ndy) — (v + Vbsar,m1) (3.1)

where,

T: clock period

vy, threshold voltage of the device M1

Vbsat,m1: gate overdrive of M1

vin(nT) denotes the input voltage in n'" clock cycle

During the next phase when the clock is high M1 turns OFF and the voltage vg will
be the sum of clock signal voltage and the voltage stored on the capacitor during

the earlier phase.
Vg ((n + 1/2)T5) = Vg t+ Uin(nTs) - (Uth + VDsat,Ml) (3.2)
The gate to source voltage of M2 during this phase is given by

Vgs,m2 = Ve + 0in(nLy) — (v + Vpsar,mn) — vin ((n+ 1/2)T5) (3.3)



Input signal (vin) operates at much lower frequency compared to that of the clock
frequency. Hence, it can be assumed that vin(nT5) is equal to vin ((n + 1/2)T5). So,

(3.3) can be approximately written as

Vgs,M2 — Uclk — (Uth + VDsat,Ml) (34)

which is a constant to a first order approximation (body effect neglected). When
clock is low both source and drain of M2 are higher than vg. So, M2 is OFF when

clock is low. Fig. 3.3 shows the harmonic distortion of the voltage across the sam-
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Figure 3.3: Harmonic distortion for different switches

pling capacitor when the input switch is made from only NMOS device, trans-
mision gate and bootstrapped switch. From the figure it is evident that the boot-

strapped switch gives less harmonic distortion compared to the other two.

3.2 Clock Generation

As mentioned earlier the modulator needs two phase non overlapping clocks for

proper operation. Fig. 3.4 shows the schematic for generating two phase clocks.
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Figure 3.4: Two phase clock generation

The circuit is a latch whose outputs are connected back to back after some delay.
The inverters provide delays to each phase of the clock. So, the advanced clocks
required for reducing signal dependent charge injection are also simultaneously
obtained. The inverters and the NOR gates used are of static CMOS type. Fig. 3.5

shows the obtained waveforms for the designed clock generation scheme.

3.3 Choosing Capacitors

Two capacitors are used in each of the two integrators of the modulator. The choice
of these is made based on the noise contributions by the finite ON resistance of the
switch and those due to the opamp. Desired SNR for the ADC was 109 dB. The
modulator should not be limited by the thermal noise. So, the thermal noise floor
has to be 109 dB. For the switch size chosen the ON resistance was around 2 K.
The transconductance was 340 ;.S. The load capacitance will be of the order of few
femto farads and hence neglected. 7 is taken as 0.7 (approximately). Using, the
above values in (2.72) the value of sampling capacitor is obtained as 1.6 pF. The
value of larger capacitance justifies the reason for neglecting the load capacitance.
The gain of the integrator is taken as 0.5 [1]. Hence, the value of the integrating
capacitance for this value of sampling capacitance is 3.2 pE. It was explained earlier
that the thermal noise of the second interator was not much of a concern. So, the

capacitance values can be decreased. This inturn reduces the power budget of
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Figure 3.5: Two phase non overlapping clocks

the opamp. So, the value of sampling and integrating capacitance for the second

integrator are taken as 0.5 pF and 1 pF respectively.

3.4 Opamp Design

For an single pole system about 99% of settling can be achieved in five time con-
stants. In a sampled data system only half the clock period is available for settling.
Hence unity gain frequency of the opamp has to be at least 10 times that of the
clock frequency. In otherwords the bandwidth of the opamp has to be at least one
order of magnitude greater than clock frequency [1]. From this value and the ca-
pacitance value obtained above, the transconductance is obtained. The tail current
is obtained form the slew rate and the capacitance values. Simulations given in [1]
indicate that opamp should have minimum gain equal to oversampling ratio. For
a given A value, from the Matlab simulations the input and output voltage swings

are obtained. Based on the above arguments the specifications of the opamp are



vdd

Transistor | W/L in um | Fingers
M1, M2 5/1 12
M3, M4 5/0.5 12
M5, M6 5/2 6
M7, M8 5/2 24
M9 2.5/0.5 24

Figure 3.6: Telescopic Opamp

shown in the table given below. Fig. 3.6 shows the schematic of the opamp being

Specification | Value
Bandwidth | 20.48 MHz
Gain 256
Slewrate 20V/ usec
Output Swing | 3.6V peak to peak
differential
Tail Current | 120 uA

Table 3.1: Opamp Specifications

used. Fully differential telescopic configuration is chosen to meet the specifica-
tions. The input devices M7 and M8 are made large to bring down the 1/f noise
to the thermal noise floor. The widths of all the devices is kept same so that while
doing the layout all the devices can be stacked one over the other easily. Lengths
of M5, M6 are made large so as to increase the gain. For the second opamp all
the devices sizes are simply scaled down by a factor of 3 to reduce the power by a

factor of 3.



3.4.1 Opamp bias

The important part in the design of the opamp is the bias circuit. Fig. 3.7 shows the
bias circuit being used. All the bias node voltages are derived form a single master
current source. The master current is given from external source and doesn’t form
the part of the design. The devices M3-M10 are the slave devices taking current
from the master device M1-M2. The devices M17-M20 from a precision bias cir-
cuit to get the exact value of tail current. Similar setup is used for generating the
bias voltage for the top PMOS devices. Devices M21 - M23, M26 and M27 are used
to generate the bias voltage for the gates of cascode NMOS devices and the input
common mode voltage. Similar setup is done to generate the cascode PMOS device
gate voltage. The input common mode voltage is given to a switch. So, whenever
switching takes place it demands currents higher than the normal bias value for
short duration. In the absence of this excess current there will be a fair amount of
spikes at the gate of M22. This modulates the current through the device and due
to feedback action all the bias node voltages begin to ring. So, a common source
stage is put so as to meet this extra current required during switching. The devices
M24 and M25 serve this purpose. Finally, a lowpass filter is put to further reduce
ringing on that node. All the bias nodes have capacitors so as to maintain their
voltages constant when switching takes place. The capacitance value are derived

from MOS devices as they have higher density compared to the poly capacitors.

3.4.2 Common mode feedback circuit

Fully differential opamps need a common mode feedback circuit to fix the output
common mode voltage. Many schemes of common mode feed back are present
in literature [4], [3]. The one that is being used here is the switched capacitor
common mode feed back circuit and is shown in Fig. 3.8. The switches S; and
Sy operate in anti phase. When S; is ON the capacitor () is charged to a voltage
equal to vbp - vemref. The voltage vbp is generated from the bias circuit discussed

in previous section. The voltage vemref is given from the external source. When
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Figure 3.7: Bias circuit schematic
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Figure 3.8: Switched capacitor common mode feedback

Sy is ON (), dumps the charge it has gained during the previous phase on to C,,.
Under steady state the voltage vemo equals the voltage vbp. This voltage (vemo)

is given to the gates of M1 and M2 given in Fig. 3.6. Fig .3.9 shows that part of the

Vdd
N
— Cgs,M1
M1j VCMo
L —/—C
M3 _|bpc :

O
vop

Figure 3.9: Part of circuit used for finding C,

opamp used for finding the sizes of the common mode feedback capacitors. The
purpose of C, is to act like a fixed voltage source. So, any small change Av in vop
appears directly at the gate of M1. The negative feedback in the loop makes sure
that the voltage vop changes in opposite direction, thus, stabilizing the circuit to a
fixed operating point. In addition to C,, there is a gate source capacitance of M1

(Cys,m1) in series with C,,. The amount of Av appearing at the gate depends on the



relative values of C, and Cy, r/1. The more C, the less is the attenuation of Av. This
gives a minimum value for the capacitance C,. The value of Cj, is chosen such that
the output common mode settles to a final value in few cycles. This is done by

adjusting the ratio of C, and C},.

3.4.3 Simulation results of opamp
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Figure 3.10: Frequency response of the opamp

Fig. 3.10 shows the frequency response for typical mean corner, of the opamp
designed. The load capacitance used is 1pF. Fig. 3.11 shows the output voltage
swing of the opamp for the same typical mean corner. From the DC characterstics
the values of o and 3 used in Section. 2.1.2 are calculated as 3.196 and 1094 respec-
tively. Table. 3.2 shows the variation of gain for different corners. The first opamp
consumes a power of 0.95mW, while the second one consumes about 0.7 mW. A
switched capacitor integrator is made from the opamp designed. The integrator is

operated in open loop to check its functionality. Fig. 3.12 shows the output voltage
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Figure 3.11: DC response of the opamp

Corner | DC gain
tt 64.86 dB
ff 64.1dB
ss 65.49dB
sf 64.8dB
fs 64.9dB

Table 3.2: DC gain of Opamp for different corners
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Figure 3.12: Integrator response

for a DC voltage at the input. From the figure it is observed that the output voltage

settles in a few nano seconds of delay, that is well with in half the clock period.

3.5 Comparator Design

The output of the integrator is fed into the comparator. Based on the relative val-
ues of both positive and negative inputs comparator produces a valid output. The
output is valid only when ¢, is high. During the other phase the output of the
integrator changes so the comparator should not evaluate this value. Hence, the
comparator has to be disabled when the integrator is in the evaluation phase. The
comparator used here is the one given in [4], the schematic of which is shown in
Fig. 3.13. The circuit consists mainly of two inverters connected back to back to get
regenerative feedback. Devices A/2, M5 and M7, M9 serve this purpose. Transis-
tors M3, M4and M8, M10 from two inverters used to reset the comparator when

the integrator is in the evaluation phase. When ¢, is high M3, A8 are ON connect-



Transistor W/Linum [Fingers

M1, M6 1.5/0.5 2
M2, M7 1.5/0.5 2
M3, M8 1.5/0.5 2
M4, M5, M9, M10 1.5/0.5 2

Figure 3.13: Comparator

ing the inverters formed by M2, M5 and M7, M9 back to back. The transistors
M1 and M6 operate in the triode region. Depending on ip and im the resistance
seen at the source of M1 and M6 is different. Hence, there will be unequal cur-
rent through inverters formed by M2, M5 and M7, M9. Since, there is a positive
feedback in the circuit this inequality builds up until one of the output saturates
(goes till the supply voltage). The purpose of inverters placed at nodes A and B is
explained in next section. The sizes of all the devices are chosen in such a way that

the delay in the comparator is minimum.

3.6 Latch Design

In the previous section the necessity for reseting the comparator was explained.
When the comparator is reset once every clock period the reset value should not
be fedback into the modulator again. So, it is necessary to latch the output during
the reset period. The latch used is shown in Fig. 3.14. The output will be previous
value if both the inputs are zero (low). This, explains the need for the two inverters
being placed at the nodes A and B of the comparator. The NAND gates used are
of static CMOS type. The inputs S and R to the latch are connected to the output
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Figure 3.14: Latch

of the comparator. The output of the latch go to the external world.

3.7 Digital-To-Analog Converter Design

joB

Jgefp+

<

vref vref n
£ Tos

Ve

[

Tos

Figure 3.15: 1-bit DAC

The DAC used is a multiplexer that selects either positive or negative voltage
depending on the digital output of the latch. Fig. 3.15 shows the schematic of the
DAC implemented. The sizes of all PMOS devices are kept as 16/0.35 pm and



NMOS devices as 5.5/0.35 pm. The sizes were chosen so that the bottom plate of
the sampling capacitor charges to the analog voltage of the DAC in a few nano
seconds of delay. The gates are controlled by the output of the latch. vref, and
vref, are the positive and negative analog voltages given from either bandgap

Voltage reference or external source.



Chapter 4

Simulation Results Of The XA
Modulator

4.1 Simulation Results

The complete sigma delta modulator is designed in a 0.35,m CMOS process. The
simulation of the system is done in CADENCE and MATLAB. A input tone of -3 dB
at a frequency of 2 kHz was given. The output common mode was set at 1.65V us-
ing an external source. The two reference voltages for the DAC were supposed to
be given from the designed Bandgap. But, because of time constraints the refer-
ence voltages are also given externally. Fig. 4.1 shows the frequency spectrum of
the output for the given input tone. To see the distortion and SNR till the 4 kHz
bandwidth the same figure is zoomed at low frequencies and is shown in Fig. 4.2.
The system is also modelled in Matlab and Fig. 4.3 shows the output spectrum
obtained in Matlab.
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Figure 4.1: Output spectrum of ¥ A obtained in Cadence
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Figure 4.2: Low frequency components of output spectrum
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Chapter 5

Bandgap Voltage Reference Design

5.1 Introduction

There is a growing need of basic voltage reference generated on chip for almost all
of the mixed signal applications. In recent years a lot of work has been done in
obtaining fixed voltages for low supply voltages [6] and [7]. Most of these use an
additional opamp for generating the fixed voltage. While this meets the require-
ment of stable voltage, still the power supply noise is not that much taken care of.
An opamp less bandgap reference is given in [8]. The circuit is slightly modified so

as to achieve a better stable voltage over process, temperature and noise in power

supply.
5.2 Implementation Of The Circuit

This section deals with concept of generating fixed voltage reference. The section

throws light on the ideas that were present in the literature.

5.2.1 Implementation using opamp in CMOS technology

In the present CMOS technology we have vertical and lateral PNP transistors in
an n-well process. The base emitter junction of any of these transistors has a volt-
age with negative temperature coefficient. And the difference between the base
emitter junction voltages of two B]Ts” has a positive temperature coefficient. This

is called as Proportional To Absolute T emperature (PTAT) voltage. Multiplying

42



M1TM2 M3
AR SR
W/L I [ W/L T NW/L
V,
|+
AV | A
%R.I Vy - Vgate
R2
—/VV\— ng
M:1
o { e
las laz

Figure 5.1: Bandgap Reference in CMOS technology

this with suitable gain we can compensate for the negative temperature coefficient
of bandgap voltage of Si. The schematic of the circuit is given in Fig. 5.1. The three
PMOS devices M1, M2 and M3 are used as current sources that pump in currents
into the emitters of 1 and Q2. Opamp maintains the voltages V,, and V,, the same.
Hence, the voltage across R1 is equal to difference in V}.’s of Q1 and 2. By having
different current densities in ()1 and ()2 a PTAT voltage is generated. Hence, R1
has a current proportional to PTAT voltage. This current is multiplied by N so as to
compensate for negative temperature coefficient voltage (V,.) by M3. Finally, the
sum of v, and the voltage across R2 is taken to get the required reference voltage.

The mathematics involved in the circuit are described later.

5.2.1.1 Effect of variation in power supply on circuit in Fig. 5.1

kp

I == (Vdd — ANV — Vin)? (5.1)

where,

kp = MpcoxW/L (52)



Vin: threshold voltage of PMOS device
Differentiate (5.1) partially with respect to Vdd. We have,

0l
ovdd

Ve = Ig1R1 + Viln (I, /1)

where,

I: reverse saturation current

V, = Viln (Igo/ 1)

Vo _ p Ol Vi 0l
oVdd ~oVdd Iy 0Vdd

vV, Vi Olg
ovdd gy 0Vdd

AV = V.-V,

I
~ AV = R11Q1+thn< Ql)—%ln(

I,

OAV
kp (Vdd — AAV — Vi) (1 — Am

1o
I

OAV. o 0lg |, Vi 0lg1 Vi Ol

OVdd T OVdd Iy dVdd Iy, 0Vdd

OAV  _ 0lg
= ovad ~ Movda
Using (5.11) in (5.3) we have,

ogr _ <1 _am Aa )

ovdd

where,

gm = kp (Vdd — AAV — Vi)

8]@1 _ 9m
OVdd ~ 1+ AgnR1

Viy = NIGR2+V,

Vi, 0lgy Vi, 0lg,
— NR2 _t
oVdd ovdd s 0V dd
Vo 0lg:
= ovdd ~ W2V Gr
Vg 9m
= — (NR2+V,/Ip) — 2"
oV dd ( +Vi/la1) 7 T Ag,,

R1

)

)

(5.3)

(5.4)

(5.5)

(5.6)
(5.7)

(5.8)
(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)
(5.16)

(5.17)

(5.18)



if g, R1 >> 1 then,

MWy 1

From the above result it is clear that for an ideal opamp whose gain is infinite

the bandgap voltage doesn’t vary with the power supply. But, in practice opamp
has finite gain so the circuit has finite PSRR. In the analysis above, the effect of
finite output impedance of three MOS devices and the variation of opamp gain
(A) with power supply, have been neglected. These terms further degrade the
power supply rejection. In simple terms, the effect of power supply on the circuit
can be explained as follows :

If Vdd increases then, both V, and V, increase. But, the negative feedback tries to
restore them back to the original value. The amount which this feedback can bring
V; and V,, back to old value depends on the gain, A, of the opamp. If the gain is
infinite the values are fully restored. In presence of finite gain there is slight change

in values of V,, and V,,. Hence, bandgap voltage is modulated by power supply.

5.2.2 Implemented circuit

The bandgap circuit implemented here is given in [8]. This circuit is slightly mod-
ified to meet the required specifications and is given in Fig. 5.2. The error in volt-
age between node 1 and node2 is sensed and is fed back to the source of the M1
through the cascode amplifier formed by M4 — M7. The circuit being selfbiased
needs a startup circuitry. This is formed by the transistors //18 — M 20. The transis-
tors M18 and M20 forms an inverter that sense the voltage at the transistor 1/23.
When this transistor conducts the output of the inverter that is the gate of M/ 19
goes low, disconnecting the start up circuit from the main circuit. On the other
hand, when the circuit is at 0 operating point the output of the inverter is high.
Thus, M19 is turned ON, which inturn takes current from drain of M13. This
starts up the circuit. Two resistors are kept at the drains of A/1 and M2 so as to
create the same environment that is there for M3. This ensures that currents are
mirrored in a better way, which is essential for the compensation. The equations

governing the operation of the circuit are given in next section. The circuit is laid in
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Figure 5.2: Complete Bandgap Reference



0.35 um AMS process. Dummy devices are placed where ever current mirroring is
required. This was essential so as to create same environment as that of the master
devices. The BJTS are replaced with MOS diodes since BJT’s were not available in
the technology being used.

5.2.2.1 Effect of variation in power supply on circuit in Fig. 5.2

In the circuit shown in Fig. 5.2, the supply is not directly connected to sources of
M1, M2 and M3, but, rather connected to a cascode PMOS pair. The voltage coming
at the source of the transistors is much more stable to the power supply variation
than that of the one in Fig. 5.1. So, we have a better power supply rejection. This
is explained below :

Detailed analysis of the equations derived here is given later

Assume Vdd changes by AV. Then, the change in V,., is given by

Ureg = gM107reg (520)

where, 7, is the impedance looking into node v,

. Uv"eg
= 5.21
ML+ RL+ 1o (5:21)

Ureg

= e 5.22
2 1/9M1+R1—|—7’61T1 ( )
= iy4 = GmaUrey (@pproximately) (5.23)

2
= e = - e 5.24
U3 <9M4 l/ng TR+ 7“61) T3Vreg ( )
ipMg = YM8U3 (5.25)

) 2

= imMs = gms <9M4 - 1/9M1 TR+ 7“61) T3Ureqg (5.26)
Treg = 'Ureg/iMS (527)

From the above two equations we see that the value of ,., is very low. So, the
variation of (5.20) with power supply is very low. Hence, we have a better power
supply rejection. If the bodies of PMOS devices are connected to Vdd then any

variation in the supply will change the threshold of the device and hence modulate



the current. So, PSRR is reduced. This is prevented by connecting the bodies of the
PMOS devices to their respective sources and thus cancelling the body effect. PSRR
is further increased by the cascode pair formed by M9 — M12.

5.3 Expressions For Bandgap Voltage And Loopgain
5.3.1 Calculation of the bandgap voltage

In this section the bandgap voltage compensation for temperature is calculated.
Some of the terms which are used in the present section

Ig: transistor reverse saturation current

Vao: bandgap voltage of silicon extrapolated to 0K (approximately 1.206)

k: Boltzmann constant

q: charge of the electron

Ty: reference temperature

Je: collector current density at temperature T

Jeo: collector current density at temperature 7

From [10]

T T mkT. [Ty KT, [ Je
Vie = Vo (1= =) + Vipoe + 202 <—> 5 <—) 52
b GO( T0>+ seoe T T ) T T (5.28)

From (5.28), the difference in the base emitter voltage of two transistors having
different current densities has positive temperature coefficient. Multiplying, this
difference in voltage by some factor say N we can compensate for the negative

temperature coefficient of the bandgap voltage. This is done in Fig. 5.1. Referring

to Fig. 5.1
AV, = k_Tln (M) (5.29)
q Aga
R2
V;Jg = EA‘/I-M + %62 (530)

For the implemented circuit (see Fig. 5.2) the fixed voltage can be derived as fol-

lows
L1 - Lbel
Ipg = —— .
Rl 7l (5.31)



The control loop makes sure that the voltage at node 1 and 2 are both the same.

Vo — Vie
= Ip = QT“ (5.32)

since, M1 and M3 have same gate to source voltages. Neglecting their Vg, differ-

ence, one can write

IM3 - 3 IRl (533)
Vig = I3 R2 + Vieo (5.34)
From (5.33) & (5.32)
Vig =3 polVe—Via) J_ﬂv"el) + Vieo (5.35)
3R2 (kT
= Vig = e <7> In (16) + Vieo (5.36)

5.3.2 Calculation of loop gain

Open the loop at node v,

At node 3, we have

V3 = (Vg — Vpeg) GraaTs (5.37)
1p8 = U3gMs (5.38)

- ,U’I’eg
= 5.39
ran 1/gm1 + Rl + 71 (5:39)
Uy = iQQ’I"Q (540)

where, 7, is parallel combination of 7., r4,,, and R2 and r4s,,,. This is approxi-
mately equal to 7.

= V2 = IM1Tel (5.41)

Since iy9=4 15, and r.=4 7.

Ureg
Vg = Te 5.42
? 1/gv + R1+7¢ ' (-42)

inia = Gra (Ureg — V2) (5.43)



From (5.42) & (5.43)

. Te1l
— 1 —
fha = Gralreg < 1/gm1 + R1+ 7’61>

= iy4 = Jm4Urey (@pproximately)

From this v3; can be written as

vs = (ipra — Tpr7) T3

where 73 is equal to parallel combination of gys57asa7as5 and gare7as77dse-

7 = 2100

2
= U3 = — 30U
3 <9M4 1/9M1 TR +T61> 3Ureg

Ureg = gM8U3T reg

where r,., is the impedance at node v,,
g9 9

From above two equations the loopgain A, can be written as follows:

2
A, = -
v grm8Treg?3 <9M4 l/ng + R1 + Tel)

5.4 Simulation Results

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

The circuit is implemented in 0.35 ym CMOS technology and the simulation re-

sults are presented below. The variation of bandgap voltage over temperature for

Corner | Bandgap variation | PSRR
over 70 °C
tt 55mV -110dB
tf 2mV -101dB
ss 6mV -107dB
st 20mV -102dB
fs 4mV -90dB

Table 5.1: Bandgap output variation for different corners

the typical mean corner is given in Fig. 5.3. Parabolic nature is observed in the
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bandgap voltage. This is due to the higher order temperature dependent terms
that are not cancelled by the PTAT voltage. The power supply rejection ratio is
plotted in Fig. 5.4. The plot shows that the variation of bandgap voltage is more
than 40 dB over 10 MHz that is around 10mV for 1V change in supply. This high
rejection was possible mainly due to the design considerations adopted in Section.

5.22.

5.5 Deviations From The Expected Performance

This section covers the sources of errors that are encountered and measures to
avoid them. The first source of error occurs in current mirroring. That is the cur-
rents in M 1 and M3 are not the same. This is due to the difference in their V. This
in turn introduces an offset error in the voltages V; and V,. This has to be included
in (5.36). The equation is again quoted here including the offset term

3R2 (kT
V;Jg - H <7h’1 (16) + %ffset) + %62 (551)

To get the exact matching of the currents, V, ;s has to be small compared to the
other term inside the brackets. This is ensured by pumping more current through
M3 or increasing the ratio of the areas of Q1 and Q2 or both. This simultaneously
ensures that the spread in the resistors R1 and R2 is also reduced to get the com-
pensation. Increasing the lengths of devices also reduces offset. Implementing all
these strategies the Vs, was 0.6mV while AV;. was about 70mV. The second
source of error is the noise introduced due to the various transistors and the resis-
tors in the circuit. The major contribution is from diode connected transistors ()1
and Q2. To reduce the noise higher currents are used. This increases the power
consumption. So, choice has to be made between the two. The equivalent output
refered noise was found to be 0.3 mV. This value can also be included in (5.51) and
the exact expression can be obtained. One important thing that has to be taken care
of is the stability of the circuit. This is a concern because there are two high gain
stages. Hence, it is likely that the circuit might oscillate. This is avoided using the

lead compensation technique given in [3].



Chapter 6
Layout Of The Chip

6.1 Layout

Fig. 6.1 shows the die photo of the chip obtained after fabrication. The die photo

contains bandgap voltage reference, YA modulator and a 5" order switched ca-

pacitor filter.
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Chapter 7
Testing Of The Chip

7.1 Packaging The Chip

The chip sent for fabrication had 32-pins. The packaging available was of only
28 - pins. So some of the pins that are left unused on the chip are not connected in
the package. The mapping of the pins both on the chip and the package is given in
Fig. 7.1. Table . 7.1 gives the pin details of the chip.

7.2 PCB Design For Testing The Chip

Fig. 7.2 shows the block diagram to test the chip. AAB_MSP_CHIP is the chip
that contains the designed bandgap voltage reference and the ¥A modulator. The
reference clock for generating the two phase non overlapping clocks is generated
in the master clock block using a crystal. Fig. 7.3 shows the schematic for the
master clock generation. The input for the modulator need to be differential. The
available source is single ended. So a single ended to differential converter is made
whose schematic is shown in Fig. 7.4. All the voltage references viz vemref,vref_p,
vref_n are generated form the supply using resistor ladder. The realization of these
references is shown in Fig. 7.5. The master current source for the bias circuit is
obtained using LM334. To prevent the loading of the measurement system on the
chip, buffers are placed at the bandgap voltage reference output and the modulator
output.  Fig. 7.6 shows the schematic of the printed circuit board design (PCB)

used for testing the chip. The purpose of various IC’s used in the design is given in
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Pin Name | Description

No

1-7 Filter Pins (Not used here)

8 NC | No connection

9 NC | No connection

10 out | Output of Modulator

11 ibias | Master current source

12 vbg | Bandgap voltage reference output

13 vemref | Output common mode reference
for opamp

14 vdda | positive supply for bandgap cir-
cuit

15 vim | negative input for modulator

16 vip | positive input for modulator

17 gnda | common ground

18 vref_p | positive reference for DAC

19 vref n | negative reference for DAC

20 vdda | positive supply for modulator

21 clk | clock for the modulator

22-28 Filter Pins (Not used here)

Table 7.1: Pin details for the chip
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Figure 7.3: Reference clock realization
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Figure 7.4: Single ended to Differential conversion



Vdd

Figure 7.5: Voltage reference generation

Table. 7.2. All the ICs need bypass capacitors for their supplies. So, two capcitors

Component Purpose

AAB_MSP_CHIP Designed chip containing ¥A modulator and
Bandgap voltage reference

LM324 Single ended opamp used as a buffer at the out-

put of bangap reference and in single ended to
differential conversion

LM334 Current reference used for generating the mas-
ter bias current

74HC04 Hex inverter used as a buffer at the output of
YA modulator

CD4069 Hex inverter used in the crystal oscillator circuit

RCA Connector for giving input to the modulator

Single ended to differential | Converts single ended input for modulator to

converter differential input

Master clock generator Clock for generating the non overlapping clocks

for the modulator
Voltage reference generator | Generates voltages vemref, vref_p and vref_n for
the modulator

Table 7.2: ICs used in the PCB

of value 10 " and 0.01 pF" are placed in parallel between positive supply for the
IC and its ground. The high value acts for low frequencies and the lower one for
higher frequencies. The references viz vcmref, vref_p, vref_n are also bypassed. The
numbering of the various components used in the PCB is described in the Table.

7.3.



(umoys jou) [9jesed Ul 4T Q"0 pUB 410 | @N[eA Jo

sioyoeded Aq passedAq s (e Jo suid Alddns ay] 810N

O
AT

T 19119AU0D
< [enualasjip

O 0} papud
C 9|buIg

ar 5| - 14 ]

- m — dia [oT]

| | B0}

Jo1eIBUSD d joIA

U JoIA

CRlIEIETEYY
abe)oA [0 |

1
PPA

JOIWOA {{Z]
PPA | % 7

Jojesauab

191Se

%000

dIHO dSIN vV

PPA
4 X—Z LN E—X
1N = S
Wl m = X
T Iz E—X
LU ndino ammmcmp o
6H—X
X H|,\N_\Mx F —
7% | | 005, 'eH 3
o—X =
X | ol yofa [ e
TH—X S PPA
=X enE—x
xX—O
[ J H_iA M i
& O
3 B
indino Joyenpodu Vio—Z N~
|H ()

PPA

Figure 7.6: PCB schematic for testing



Component No Description

Ul Main chip

U2 LM334

U3 74HCO04

U4 POD for modulator output

U5 CD4069

U6 Crystal

U7 LM324(Buffer for bandgap)

U8 POD for bandgap

U9 LM324(for single ended to differential

conversion)

R1, R3, R4, R7-R11

Resistors used for voltage references

R5,R2, R6 Resistors used for current genera-
tion(LM334)
R12 Resistance used in clock generation R13-

R17 Resitors used in single ended to dif-
ferential conversion

C1-C8, C10, C12

Supply bypass capacitors

C15-C20

Bypass capacitors for voltage references

Table 7.3: Component numbers given by Orcad for the PCB




Chapter 8

Blocks used in Cadence

8.1 msp _delsig TOP

=
- - o
X X —
9 2 3
clk o c | |
_ oL m ®
inp ol o 3| 3
- > S| > >
nm ok ext|
ibias
Inm_ ext
inp_ext msp_delsig_ TOP
vemref _ext

vref n

vref p

out ext _vV-P9

vemref

v_bg_ext

ibias_ext |
gnda_ext |

Figure 8.1: msp_delsig_ TOP

Top level module includes, ¥A modulator and the bandgap modules with

the pads.
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Pin Type Description
inp input-output | positive input voltage (inside
chip, not connected)
inm input-output | negative input voltage (inside
chip, not connected)
inp_ext input-output | positive input voltage (to be con-
nected outside)
inm_ext input-output | negative input voltage (to be con-
nected outside)
clk input-output | master clock (inside chip, not con-
nected)
clk_ext input-output | master clock (to be connected out-
side)
ibias input-output | master current source (inside chip,
not connected)
ibias_ext | input-output | master current source (to be con-
nected outside)
vemref input-output | common mode reference voltage
(inside chip, not connected)
vemref_ext | input-output | common mode reference voltage
(to be connected outside)
vref_p input-output | positive reference voltage for
DAC (inside chip, not connected)
vref n input-output | negative reference voltage for
DAC (inside chip, not connected)
vref_p_ext | input-output | positive reference voltage for
DAC (to be connected outside)
vref n_ext | input-output | negative reference voltage for
DAC (to be connected outside)
v_bg input-output | bandgap output voltage (inside
chip, not connected)
v_bg_ext | input-output | bandgap output voltage (to be
connected outside)
out_ext input-output | ¥A modulator output voltage (to
be connected outside)
vdda_bg_ext | input-output | suppply voltage for bandgap cir-
cuit (to be connected outside)
vdda_ext | input-output | supply voltage for YA modulator
(to be connected outside)
gnda_ext | input-output | common ground for the entire

chip (to be connected outside)

Table 8.1: msp_delsig_TOP




8.1.1 msp_2ndorder sig

vdda

vref_p
vref_n
vemref

inm

inp

outp

XA

outn

gnda

Figure 8.2

Second order XA modulator

ibias
clk

: msp_2ndorder_sig

Pin | Type Description
inm | input-output | positive input voltage
inp | input-output | negative input voltage
vdda | input-output | positive supply voltage
gnda | input-output | analog ground
outp | input-output | positive output voltage
outn | input-output | negative output voltage
vref_p | input-output | positive reference voltage for the
DAC
vref_n | input-output | negative reference voltage for the
DAC
vemref | input-output | common mode reference voltage
for opamp
ibias | input-output | bias current for opamp
clk | input-output | master clock

Table 8.2:

msp_2ndorder_sig




8.1.1.1 msp_lst_integrator
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Figure 8.3: msp_lst_integrator

First switched capacitor integrator of the XA modulator

Pin | Type Description
inm | input-output | positive input voltage
inp | input-output | negative input voltage
vdda | input-output | positive supply voltage
gnda | input-output | analog ground
vop | input-output | positive output voltage
vom | input-output | negative output voltage
vrefp- | input-output | negative feedback voltage from
DAC
vrefp+ | input-output | positive feedback voltage from
DAC
vemref | input-output | common mode reference voltage
ibias | input-output | bias current for opamp
phil | input-output | clock for the switched capacitor
integrator
phild | input-output | advanced version of phil
phi2 | input-output | clock non overlapping with phil
phi2d | input-output | advanced version of phi2

Table 8.3: msp_1st_integrator




=

(@]
I
Ini o N2

O

c

(@)]

Figure 8.4: msp_switch

8.1.1.1.1 msp_switch Switch used in the integrators

Pin | Type Description

clk | input-output | clock for controlling the switch
gnda | input-output | ground

inl | input-output | input/output of the switch

in2 | input-output | input/output of the switch

Table 8.4: msp_switch

clk

Bootstrap Switch
J—

vout

vin

Figure 8.5: msp_bootstrap_switch

8.1.1.1.2 msp_bootstrap_switch A switch similar to a bootstrap switch. Used in

1st integrator.



Pin | Type Description
vin | input-output | input voltage
vout | input-output | output voltage

clk | input-output | clock

Table 8.5: msp_bootstrap_switch

vim

vemi

vip

Figure 8.6: msp_opampl

8.1.1.1.3 msp_opampl Opamp used in switched capacitor integrator. Two dif-

ferent opamps used. Both have the same pins.



Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
vip | input-output | input positive voltage
vim | input-output | input negative voltage
vemi | input-output | common mode input voltage gen-
erated by bias circuit
vop | input-output | output positive voltage
vom | input-output | output negative voltage
vemref | input-output | output common mode reference
voltage
phil | input-output | clock for common mode feedback
circuit
phi2 | input-output | clock for common mode feedback
circuit
ibias | input-output | master current for the bias circuit

Table 8.6: msp_opamp1

vdda

clk [ vout

gnda

Figure 8.7: msp_sig_inv

8.1.1.1.4 mspsig.inv Inverter used in both integrators for the switches




Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground

clk | input-output | inverter input
vout | input-output | inverter output

Table 8.7: msp_sig_inv
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Figure 8.8: msp_bias_opamp

8.1.1.1.4.1 msp_bias_opamp Bias circuit for opamp. Two bias circuits are
used for two opamps. Both have the same pins. The transistor sizes only differ in

both the circuits.
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phit
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T —
I vbias

\'¢]

gnda

Figure 8.9: msp_swcmfb

8.1.1.1.4.2 msp_swemfb Switched capacitor common mode feedback cir-

cuit for the opamp



Pin

Type

Description

vdda | input-output | positive supply voltage
gnda | input-output | analog ground
vbc | input-output | cascode NMOS device bias volt-
age
vbn | input-output | tail current device bias voltage
vbpc | input-output | cascode PMOS device bias voltage
vcem | input-output | input common mode bias voltage
vbp | input-output | common mode feedback circuit
bias voltage
ibias | input-output | master current
Table 8.8: msp_bias_opamp
Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
VO input-output | connected to output voltage of
opamp
vemo | input-output | gate bias for the top PMOS cas-
code device of opamp
vemref | input-output | common mode output reference
voltage
vbias | input-output | bias voltage from the bias circuit
phil | input-output | clock for switches
phi2 | input-output | clock for switches

Table 8.9: msp_swemfb
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Figure 8.10: msp_tele_opamp

8.1.1.1.4.3 msp_tele_.opamp Telescopic opamp without bias and the com-

mon mode feedback circuit.

Pin | Type Description
vdda | input-output | positive supply voltage

gnda | input-output | ground

vim | input-output | input negative voltage

vip | input-output | input positive voltage

vom | input-output | output negative voltage

vop | input-output | output positive voltage
vcmo | input-output | gate bias voltage for the top of the
PMOS cascode devices
vbpc | input-output | gate bias voltage for the bottom of
the PMOS cascode devices
vbc | input-output | gate bias voltage for the top
NMOS cascode devices
vbc | input-output | gate bias voltage for the tail cur-
rent device

Table 8.10: msp_tele_opamp

8.1.1.2 msp_2nd_integrator

Second switched capacitor integrator of the ¥A modulator. It has the blocks same

as that of the first integrator with extension as 2.
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Figure 8.11: msp_2nd_integrator

Pin | Type Description
inm | input-output | positive input voltage
inp | input-output | negative input voltage
vdda | input-output | positive supply voltage
gnda | input-output | analog ground
vop | input-output | positive output voltage
vom | input-output | negative output voltage
vrefp- | input-output | negative feedback voltage from
DAC
vrefp+ | input-output | positive feedback voltage from
DAC
vemref | input-output | common mode reference voltage
ibias | input-output | bias current for opamp
phil | input-output | clock for the switched capacitor
integrator
phild | input-output | advanced version of phil
phi2 | input-output | clock non overlapping with phil
phi2d | input-output | advanced version of phi2

Table 8.11: msp_2nd_integrator
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Figure 8.12: msp_switch_cpl

8.1.1.2.1 msp_switch_cpl Transmission gate used in second integrator

Pin | Type Description
clk | input-output | clock for controlling the NMOS
device
clk_bar | input-output | clock for controlling the PMOS de-
vice

vdda | input-output | positive supply voltage

gnda | input-output | ground

cplin | input-output | input/output of the switch
cploout | input-output | input/output of the switch

Table 8.12: msp_switch_cpl



8.1.1.3 msp_caldac
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Figure 8.13: msp_caldac

Module includes comparator, latch and 1 bit DAC.

Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
inp | input-output | input positive voltage
inm | input-output | input negative voltage
outp | input-output | latch output positive voltage
outm | input-output | latch output negative voltage
vref_p | input-output | positive reference voltage for
DAC
vref n | input-output | negative reference voltage for
DAC
vrefp+ | input-output | positive analog feedback voltage
form DAC
vrefp- | input-output | negative analog feedback voltage
form DAC
clk | input-output | clock for comparator

Table 8.13: msp_caldac
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Figure 8.14: msp_comparator

Comparator used to digitze the output voltage of the integrator (second).

Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
phil | input-output | clock
inp | input-output | positive input voltage
inm | input-output | negative input voltage
v_op | input-output | positive output voltage
v_om | input-output | negative output volatge

Table 8.14: msp_comparator

8.1.1.3.1 msp_comparator
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Figure 8.15: msp_comp_inv

8.1.1.3.1.1 msp_comp_inv Inverter used in the comparator

Pin | Type Description

vdda | input-output | positive supply voltage

gnda | input-output | ground

invin | input-output | inverter input

inv_out | input-output | inverter output

Table 8.15: msp_comp_inv

vref_p

1-BIT DAC

vref_n

Figure 8.16: msp_dac_onebit

8.1.1.3.2 msp_dac_onebit 1- bitanalog to digital converter



Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
vref_p | input-output | positive reference voltage for
DAC
vref n | input-output | negative reference voltage for
DAC
op | input-output | positive analog feedback voltage
form DAC
om | input-output | negative analog feedback voltage
form DAC
Q | input-output | positive output voltage form latch
QB | input-output | negative output voltage form
latch

Table 8.16: msp_dac_onebit

vdda

QB

gnda

Figure 8.17: msp_latch

8.1.1.3.3 msp_latch Latch used for latching comparator outputs.




Pin | Type Description

vdda | input-output | positive supply voltage

gnda | input-output | ground

R | input-output | reset input

S | input-output | setinput

Q | input-output | positive output voltage to DAC

QB | input-output | negative output voltage to DAC

Table 8.17: msp_latch
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Figure 8.18: msp_nand

8.1.1.3.3.1 msp_nand NAND gate used in latch

Pin Type Description

vdda input-output | positive supply voltage

gnda input-output | ground

A input-output | one of the gate input

B input-output | other gate input

A nand_B | input-output | NAND gate output

Table 8.18: msp_nand



8.1.14 msp._clk
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Figure 8.19: msp_clk

Twp phase non overlapping clock module

Pin | Type Description

vdda | input-output | positive supply voltage

gnda | input-output | ground

clk | input-output | master clock
phil | input-output | clock for the switched capacitor
integrator

phild | input-output | advanced version of phil

phi2 | input-output | clock non overlapping with phil
phi2d | input-output | advanced version of phi2

Table 8.19: msp_clk
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Figure 8.20: msp_clk_inv
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8.1.1.4.1 msp_clk.inv Inverter used in the clock

Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground

in | input-output | inverter input

out | input-output | inverter output

Table 8.20: msp_clk_inv
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Figure 8.21: msp_nor
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8.1.1.4.2 mspnor NOR gate used in two phase non overlapping clock genera-

tor

Pin Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
a input-output | one of the gate input
b input-output | other gate input
anor_b | input-output | NOR gate output

Table 8.21: msp_nor

8.1.1.5 msp_bufferl
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Figure 8.22: msp_bufferl

Output buffer. First stage.

8.1.1.6 msp_buffer2

Output buffer. Second stage.



Pin

Type

Description

vdda

input-output

positive supply voltage

gnda | input-output | ground
in | input-output | input voltage
out | input-output | output voltage
Table 8.22: msp_bufferl
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Figure 8.23: msp_buffer2
Pin | Type Description
vdda | input-output | positive supply voltage
gnda | input-output | ground
in | input-output | input voltage
out | input-output | output voltage

Table 8.23: msp_buffer2




8.1.2 msp_bandgap
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Figure 8.24: msp_bandgap

Bandgap voltage reference

Pin

Type

Description

vdda

input-output

positive supply voltage

gnda

input-output

analog ground

v_bg

input-output

bandgap output voltage

v_reg

input-output

regulated supply voltage (not
used)

Table 8.24: msp_bandgap




8.1.3 msp_pad
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Figure 8.25: msp_pad

Pad used in the chip
Pin Type Description
IO input-output | pin to be connected inside the chip
WORLD | input-output | pin to be connected to the external
world
VDDCORE | input-output | pin for ESD protection of the chip
(connected to positive supply)
VDDRING | input-output | pin for ESD protection of the chip
(connected to positive supply)
SUBCORE | input-output | pin for ESD protection of the chip
(connected to ground)
SUBRING | input-output | pin for ESD protection of the chip
(connected to ground)
SUBESD | input-output | pin for ESD protection of the chip
(substrate of the pad, connected to
ground)

Table 8.25: msp_pad




Chapter 9

Conclusion

A 16-bit YA modulator has been designed in 0.35um CMOS process Non idealities
like the effect of finite gain, noise and slew rate of the opamps on the performance
of the modulator are studied and modelled in Matlab to meet the system specifica-
tions. The opamp non linear gain is also modelled. A code is written in Matlab to
find the system performance for a given opamp non linearity. Further, a bandgap
voltage reference generator is designed and the effect of the power supply rejec-
tion on the circuit is calculated. These two circuits are simulated in Cadence and
layout is done. These are sent for fabrication. A PCB has been designed to test the

chip.
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Appendix A
Matlab Code

The following is the matlab code for modelling the non linear
gain for the opamp and study its effect on the performance of
the modulator.
close all;
clear all;
vin = s_.h(-2,500,5); %computes the input samples
delta = 1.25; %bin width;
c_samp = 0.5e-12;
c_int = le-12;
vout_cap = 0; %initial voltage across integrating capacitor
vout_cap2 = 0;
$k3*x3+kl*x+k0+vout_cap = 0 is the equation for vi during
%$integrating phase
alpha = 3.196; %opamp model alpha*tanh (beta*vi)
beta = 1094;

a = alpha*beta; %first order term

b

alpha*beta3/3; %third order term
y_out (1l:length(vin)) = 0;

y_out_2 (1l:1length(vin)) = 0;
bin(l:length(vin)) = -1*delta;

for n = 2:1length(vin)
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(y_out (n),vcapl) =

cal_next (vin(n-1),vout_cap,bin(n-1),c_samp, c_int, alpha, beta);
vout_cap=vcapl;

(y_out_2 (n),vcapz) =

cal_next (y_out (n-1),vout_cap2,bin(n-1), c_samp, c_int, alpha, beta);
vout_cap2=vcap2;

if (y_out_2(n) >= 0)

bin(n) = delta;
else

bin(n) = -1*delta;
end

end

$fft comuptation

y_fft mod = comp_fft (bin);

y_fft mod_fin = db(y_fft_mod); %computes fft in dB

$ploting of the result

f = 2.048e6* (0:1length(y_fftmod)-1)/length (y_fft_mod);

plot (f(1:1length(f)/2)*le-6,y_fftmod_fin(l:length(f)/2),"'r");
Code of cal next subroutine

function [vout,vcap_next] =

cal_next (input, vcap_prev,dig.code,cl,c2,alpha,beta);

kO = cl* (input-dig._code) +tc2*vcap_prev;

range = 0;

options = optimset (' TolX’,1e-8);

delta.v = fzero(@op.model, range, options,alpha,beta,c2,k0);
vout = alpha*tanh (beta* (-deltawv));

vcap-next = vout - delta.v;

Code of s_h subroutine

$sampling function

$inp_amp : input amplitude in db



$fin : input frequency

%cycles : no of cycles
function inp_.samp = s_h(inp_.amp, fin,cycles)

n = 0:4.88281le-7:cycles/fin;
inp_smap(l:length(n)) = 0;

inp_amp = 10 (inp-amp/20) ;

inp_samp = inp_amp*sin(2*pi*fin*n);
Code of comp fft subroutine
function y = comp_fft (x)

n = 0:12287;

win = .5* (1- cos(2*pi*n/ (12288)) );

X X (length(x)-12287:1length(x)) .*win;

abs (fft (x))*4/12288;

y

Code of db subroutine
function out = db (x)

out = 20*1ogl0 (x);
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