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1 Introduction

The idea behind sigma-delta A/D conversion is oversampling. The oversampling rate is much
greater than the Nyquist frequency. Oversampling allows time resolution to be traded for am-
plitude resolution. Unlike ordinary delta A/D conversion, sigma-delta A/D allows amplitude
resolution to increase more than the time resolution decreases. The basic components of a
sigma-delta A/D converter are a modulator and a filter.

The purpose of the modulator is to encode the analog input into to a stream of bits and to push
most of the noise generated from this quantization into frequencies higher than the inp)ut banld-
width. The modulator encodes the bits such that the recent average of the bits is approximately
the input. The output is an oscillation around the input. These oscillations correspond to the
quantization noise and there frequency should be as high as possible.

The purpose of the filter is to remove most of the qluantization noise which is located in the
higher frequencies. Two approaches can be used for the filter. One approach is to take the
modulator output through a low-pass filter directly 141. Another approach is to first decimate
the modulator Outlput an1d then l)11t it through a Io\\ -pass filter 121.131. In either approach, the
order of the first stage of the filter should be greater tha1 the order of the modulator so that
more noise will not be generated 121,141.
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Figure 1 Sigma-delta model

2 Sigma-Delta Model

The sigma-delta modulator designed is a second-order modulator. Figure I shows a z-domain
view of the second-order modulator. It consists primarily of two integrators and a comparator.

The integrators are modeled as discrete time accumulators amplified by integrating coefficients.
The sigma-delta modulator designed uses continuous time adders and integrators. To model the
sigma-delta modulator in the z-domain, special treatment is given to inputs of the adders which
are not constant over each clock period. For these signals, an extra transfer function is inserted
which calculates the average value over each period.

The clocked comparator output is constant over each period, so it goes to the adders with just a
delay. For the first integrator, X(z) is approximately constant over each clock period, so its out-
put is linear during each clock period. Because this futnction is linear, the average value needed
for the second integrator is simply the average of the current value and the previous value.

The comparator is modeled as an amplifier and a white-noise source caused by (luantization.
The assumption that the quantization can be modeled as a white noise source has been used by
many other authors 111-131. The amplifier stage of tile comparator is tIsed in tl'e model to coin-
pensate for the integrating coefficients and make the amcrage of Y z) be XNz). The average of
Y(z) must be X(z) because the feedback causes the aVCragC inp1111u to the first integrator to be
zero.

From Figure 1, the relationship between X(z) and Y(z) is

ab(Y(z)- q) - [(I ) (1 _--Ia) (X(z)- - I _Ytz)- IYtz) (1)

I- z "((.z)- q) = '~ -'XIz; - + I Y(z) (2)

I+ +1- 2 z- + 1-1+ 1 z-2]Y (z) - I'Xtz) 2 (- zq),
+ I- Z q 3
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To reduce Cxcess freytecy coomponents, ilhe z I and z- teris on Oit left hand side of (3)
shIould be made zero. The solution to this restriction is

a 2(4)3

The frequency response of the noise term in equation (3) is

N'(wo) = N(eiu)T) = q(I-2eI(')7 ÷ e-2IwT,) (5)

N'(wj) = qeijw7 (eiw)T + eijw2l'2 (6)

Nv'(wo) =-2qeiwl7( I - coscoT) (7)

tN'(w) = 2q(l- coswo) (8)

This noise function peaks at half of the sampling frequency and is very small for frcqueLncies
much smaller than tile sampling frequency.

I.I
4I
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Digital/Analog

Adder/integratorx1
BiasingDigital/Analog

Circuit Adder/ Integ rator

SAPESense Amplifier SAMPLE

INERT - -- >Sense Amplifier INTEGRATE

x4

OUTL OUTR

Figure 2 Sigma-delta architecture

3 Architecture Sigina-Delta Modulator

A block diagrau of the hiai-dw are ar-ciftec WL e 1'o1 iczdlz mim tile second-order- siginziw-delta amlodl.m-
lator is sliown in Figume 2. Thie c iicuit consists of hMo adder-/inteuratoi-s, ai com mparaitor eontai ii-
ing two sense aniplfieiers, ind ai biasing circuit. 'I'lrOUghou101t thiwhle ýIOc ircUit, complementary
Signal1s,1are Used.
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SENSE

Figure 3 Sigma-delta timing

v 3L v3 3R 1

V2L 
1 2L V1L 1 LII CR ViR 124 V2R

Q2L 0 1L 0 1R R

vs vs vs vs

Figure 4 Model of the adder/integrator

A timing diagramn is shown III [igu"re 3. Th'le m o clocks should be noii-overlapping,. The clock
frequency is 512-Mhlz. 

I

Because tile senlse amlplifiers do not sense inlStanltanCouSI)', the in~tegrators neced to be clocked.
By having thle clocking thle integrators, the feedback fr-om 0'ý : omparator can be constant while
the integrators are integrating. The comparator switches \% henl thle Iinte grators are off'.

Another advantage of having time integrator clocked IS that1 thle first senuse amnplifiier can be samn-
pl ing constant inputs. Thiiis improves thle accuracy of'tl th comparator1()I.

Two main powerI supl)Iies are us~ed InI this cire nicI The s;ourIcingl suIIppl IS +S.OV and the sinikingt
power Supply is -4.OV. Lower- 5u1)llies canl be used for thle sense aniplifiers (+4.OV and -2.OV ).

3.1 Adder/Integrator
A olodel of the adder/integrator is shown in Figure 4. Instead of using a standard op-amip coni-
fig, ',ý squLar-e law of the transistors is exploited to perform time initegrationl.

Fromn the characteristics of capacitors, the Output is

AV 3  hJ~~df(9)
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'1nd theC CUTIIL ren 't thog tile capaICitorS is

1:01- til te IItiOft bC 1Ii nar' With -espec~t 1o tile MIMIu, 'It IS neCcessrV thait achII Of theSe cU urrent

dif~erenees be linear m ith respec~t to thle inpu)Lts. Ne :letmirg OutIj) I Ik:Si1'tau~ct anfd velocity SawtL-
ration ef~ects, thle curile n t thr1ough-11 thle left branch (10ut tile I'rlSt Inpuj~t is

'IL (T + - VS- v7, (1

IL 122

(v+ v-V IJV

Similarl1-y thle CUrrent thrlou~gh the right branch is

2 + (v 5 + V,,- Vj,)Av 1 + (v, + Vr. (13)

Thle cuITrent 1iftereCIC (We du0t the firlst inpuLt IS thenI

Similarly, thle CLlrrentII di ier-enee due to thle secon~d input is

Al- = -#1 (V, + vi.- V,)A v, (15)

ASSuI~ini g tLe Com11110n mode %011C 01 andIL V- 2II are const:(t :1nd U',ing1 eqILatiol0IS (5), (6),
10!), anld ( II ), tile oUtpLt) ot" thle hiteatr

[0V( V + v,.- vo) JlId * (V'S + VI.- f~ iVc] I)

The Iniput range is hI muted by thle threshold voltage and tile I1)aXInI)III voltage aer-oss thle
Schottky junction (VD)). The inp)ut raiwue is

V1. +Vs -V AV 5VD+-*Vv- v (17)
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TO ý1llU\V tile 11,,IHUIIIWI p sitiv VA Ilo to eq~di (Ile 11ldXiM11 mu '-MlV ne S~\' mg~ Vs ShlOd be

For thle Ir-ansistolrs(,I (ls thicicuit, \,(, a cýlos CIOSC10 ti1C iirauii~ndC ',I tile 1iriesirtritl WlLae, So V
cimselr was groui,(.d

Dependent cUIi21 S:rr -'. Utl~5ae necessary becauISe theIl re Currerfll guilll- rig F l thog ile inptl)t
traIsistOr's is i,Ji LC(I 10dr uet thle sMKII u Iuelaw Of tile trn0sistor's, Thre LtIIic 11 pnntcuITCn1t
sources should kcep all tran,'sisorsIl S1n111a111111 on r ill pus sible inputLIs.
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Figure 5 Digital/atialog adder/integrator
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"The implementation of the addCr/inI.tgrIator is ShU,, II in i1* lger 5. It consists of an integratinge
stage, a level shihin, Stage, and an output statc. 'lhis CiICuLit adds aii aiiag signal to a digital
signal and integrates it.

To implenmeint the dependent cLiiinII SOLiiccS, iII(Ihicli CIcurrc Ii ,ýMIcrC, cIl hplcd with tl(IdCIid
ent current sinks ,,cerc uscd. The independent cur.Cnt sourcCs arc Q a_ aid Q(,1e. The dCpCndCnt
curre'nt sinks are in X4. QOL and Q a1e sizCd to be able to soLurcC ilie maximurn amo1unt 0'
total Curlrett thIa X , a.nmd X3 sink. The transistors in X-4 are sized to be able to sink all of
the current from QOL and QoR wheln XI, X2, and X\ are off.

For the integrating stag~e, transistors are in cascode conligurations. 'his increases the output
resistance, but the backgating effects of Q6L and Q61ý become dominant in determining the out-

put resistance.

To increase the output resistance of Q6L and Q(R a threshold of voltage is kept across each of
them, which is just enough to keep them is saturation. To obtain this, a half a threshold rise
obtained from Q8Land Q8R and the other half conies from Q7L anKd Q7R" T'o achieve thie half a
threshold rise due to Q7L and Q7R,'the sizing bet\meen them and Qand is 4. This shouhld
be true of the other transistors with respect to Qgt. and Qg1 but the backgating and lambda ef-
fects forced them to be much larger.

10
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XL XRl
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Figure 6 Integrator Input

One purpose of the circuit in Figure 6 is to increa.se tile output resistance of the sinking transis-
tors of the integrating stage. The gate voltages ofQ()2t and Q11I arc not kept constant like muost

other cascode configurations, but vary inversely ,ith respect to the drains ofI and QIR*
This allows this circuit to have an output resistance to be on the order of gm- 2 3 b h -

rent sources dominate the Output resistance of tile integrating stage.

Another function of the circuit of Figure 6 is to make (IL and QI f< h llow the square law more
closely. The drains of Q d Q IR vary inversely with respect to the input due to the change
in cuIrcnt1. ''hICsC ehIMgcs are smaller because of thic conpi)cnsation by (Q2L aMid 0,Z duC to the
inverter amplifier.

A third l'unctiol of this circuit is to allow Q IL or QIR to be turned off. This is accomplished by
having an external transistor pIll XL or XR low. 'I hese external transistors are show in IFZigurie
5?. One set of transistors can turn off Xi, X2 , and X3 Mhich stops tile i nteegration. The other
pull down transistors allow conversion of digital voltages to the corresponding analog currents.
When INDL is on and INDR is off, current due to REI-P is sunk on tile left side and cuIrrent due
to REFN is sunk on the right side. When INDL is off and INDR is on, the opposite occurs.

A problem with this method of switching currents is that the switching interferes with some of

the analog values. One signal pair that is distorted is the outputs of the first integrator or inputs

11



0 5L 0 5R

Q6L - 6R

DD L D1R
D 2L D2 R

OUTL - _ _--- _--- .- OUTR

IN L 0 1L Q3L 0 3R 0 1R IN R

0 2L TSAMPLE
10LSENSE 04 2

Q7 _- •LI R 7R

Figure 7 Sense amplifier

of the second integrator. When Q2L or Q2R of Figure 6 is turned off, the drain of Q2L or Q2R
must go to ground. This change ill voltage causes capacitive feed through to tile input. The
changes in voltages also cause spikes in the output currents of Figure 6. One way this problem
may be alleviated is to provide a dummy current path when a branch is turned off 141.

The level shifting diodes DIt-D7L and DDIR-D7R create a sufficient voltage drop to be able to
turn oif X4 and keep transistors in X I' X2. and X. in saturaltion. "lh ic level shi fling diodes DSL-
DIOL and DLR-D1)k crCate a Sufficient voltage dhop to be able to keep Q121. and QI2R in satura-
tion when the output voltages are minimum and X is sinking all current from Q6L and
Because of the aonLt1tt of diodes in the level shifting, the feed-forward capacitors 2 .d C1L
are used to improve the dynamic response.

The last stage of the circuit in Figure 5 biases the outputs. Tile outputs are approximately bi-
ased around BIAS because is double the size of Qi4L and Because the output stage

is differential, the corninon mode element is removed. This is important for the first integrator
because equation (16) for the second integrator would not be valid if tile common mode element
was not removed. The gain of the output stage is

A = - (19)

3.2 Sense Amplifier

The sense amplifier is shown in Figure 7. Buffered FET logic is used in the sense amplifier.
The SAMPLE and SENSE clocks are non-overlapping.

12
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Figure 8 Biasing circuit

During the SAMPLE p)ihaSe, Q1iL anId QiR partially pull down their drains. Assuming enough

time is given for sampling, the drains will reflect the inputs at the end of the phase. During the
SENSE phase, Q , and 1 re cross-coupled to Torm a flip- hip. This flilp-flop switches to

one of its steady states depending on what its initial conditions were. These initial conditions

are detennined by the SAMPLE phase. If the drain of Q3L is initially higher, then the gate of

Q3L will be lower, so it sinks less current than Q3R, This cause the voltage difference to be

greater. This will continue until a steady state is reached. If the drain of Q3L is initially lower,
then the opposite will happen.

3.3 Biasing Circuit

The biasing circuit is shown in Figure 8. One reason for this circuit is to bias the output of the

second adder/integrator so that the input transistors to the first sense amnplifier can be guaran-

teed to be on. The sense amplifier would not v, ork if this wecre not the case. Another reason for

this circuit is to cause the sensing to start close to the unstable operating so that it can occur
quickly.

The right half of the biasing circuit is equivalent to the outlput stage of the addcr/integrator. Q,
and Q3 correspond to Q13 and QI4 of Figure 5. To make the current through Q, correspond
closely to the current through i 14 of Figure 5, Q, is u•Sed. Q, is sized the same as Q, so that its
gate to source voltage is approximately zero making the drai1m of QI3 al)lr1xiIulY etual to the

drain of Q 1.

The left half of the biasing circuit corresponds to Ihlf tile the seniSe amIl)ificr during the sam-

pling phase. Q4 is used because of the small oltagC drop) acrOss Q, in Figure 7. Since Q3 is

13
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Figure 9 Output Spectrum

the same size as QI, the input to the left half of the biasing circuit should be approximately
equal to its output. This bias point corresponds to a high gain biasing for the sampling. When
the inputs to the sense amplifier are equal, they should approximately equal to BIAS and the
outputs should be equal to BIAS.

4 Simulation and Performance Evaluation

The circuit was modeled using the HSPICE software and parameters for the Vitesse 1.2 micron
MESFET process. The models for the transistors include many of the non-linearities including
backgating. A 4-Mhz input with an amplitude of half the reference voltage was used with a
512-Mhz sampling frequency. Only 4 input cycles or 512 sample cycles were simulated be-
cause of the time needed. It took I day on the fIastest machine available. Because only 4 input
cycles were used, tile accuNIcV of the FFT E'analysis is limited. One author 131 suggests that at
least 32,768 samples or 256) inpuptt cycles are needed for an accurate FFT. This Would take
about 2 months to simulate.

After the transistor level simulation was done, an FF'T of the modulator output ýkas perlormed
to characterize the perfoiiuance in the frequency dotnmain. The I'V-WA\VAVI. sol twarc was Ilsed
for the frequency analysis and the results of the signal to noise plus distortion (S / N+D) are
shown in Figure 9 for both linear and logarithmic scales. These results include the effects of
noise due to LuantizatiMll as well as other distortions introduced by actual transistor level circuit
effects. If the LLuatization noise corresponded to white noise (as assumed in the earlier theo-
retical discussion), then the frequency response at the output would correspond to equation (8).
This would predict a peak noise at half the sampling frequency (256-Mhz). As seen in Figure 9,
the noise plus distortion peaks in the neighborhood of 256-N1lhz, but as one would expect, does
not correspond exactly to the white noise assumption.

Assuming the baseband is less than 10-Mhz, the simulated signal to peak noise plus distortion
density shown in Figure 9 is 473. The number of effective bits resuhling from the decimated
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flthered O~l)UtL o1 tile ii iodilatur can be predicted 101 til icSign1al to no0ise )I ~l S distortio ratio 151.
ThiS result SulggStS at1 leaist anl S-bit resolution (i.e. 2 < 473) for all iiij)Llt with mnagniitude of
one half thle reference voltage. A 9-bit or I (-bit reCSOIlutio lllay' be Obtaineld if' tile niaXilinuzn
magnitude of tile Iilil)l 8Hpk)oahic5 tile Iic\'icicc vohit12&. As~ StIMCd 111)C, he Cciac'ý! Of ihcLSe'
results is Ilnimied due to thle restricted Jlength Of thle tile dom1111in 01ut)lul. Thle actIJ Lial aLcurac)'
may be considerably better if SUfficienlt in~put Cycles Could be sun ulateMd to eliminiated initial
transients fr-om early c,.cles. If a faster and more abstract m1odlC (comilpared to I IS lICE) were
used, thle accuracy Of thle Circuit non-lI Ineari ties would b(' lost a iid a lou 1"er tune simllllation
would not nlecessari-ly reSUlt ill a better p)redictionl ot thle results. Additional1 work is needed onl
this problem.

5 Conclusion

The design and Sillulationl results for a seconld-order siwula-delta m1odulatMor Lusin " GaAs MIES-
FET's has been presented. Several unique Circuits have been intrloduced inll~uding a novel inite-
grator which is bas;ed onl drain and source currents of the FET's satisfying the square law. The
frequ~enlcy anlalysis Of thle sim"Iulated modulator Output indicates a resolution of 9- 10( bits for inl-
put freqluencies uip to 4-Mhlz. T[his performance was based ontý a limited time domain output
seqluence because of the excessive computer time reqJuired for thle simfulationl. Further work is
reqJUired to increase tile acc(uracy Of tilie frequenIcy anialysis prVesen ed. Lon1ger- siunuLlatiotis are
needed without sacrificing the effects of distortion in1troduced at thle cir-cuit level. Of course,
actual performance could be obtained by fabricating a circuit and measuring the performance.
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