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Abstract: A low-noise cascaded multi-bit sigma-delta pipeline analog-to-digital converter (ADC) with a low over-
sampling rate is presented. The architecture is composed of a 2-order 5-bit sigma—delta modulator and a cascaded
4-stage 12-bit pipelined ADC, and operates at a low 8X oversampling rate. The static and dynamic performances
of the whole ADC can be improved by using dynamic element matching technique. The ADC operates at a 4 MHz
clock rate and dissipates 300 mW at a 5 V/3 V analog/digital power supply. It is developed in a 0.35 um CMOS

process and achieves an SNR of 82 dB.
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1. Introduction

Today, one of the most important trends in very large
scale integration (VLSI) systems is the shift from signal pro-
cessing in the analog domain to signal processing in the digi-
tal domain. Consequently, the ADC performance requirements
become more stringent for both dynamic range and bandwidth.
The wideband digital radio receiver is an example of a sys-
tem that must simultaneously digitize strong and weak signals.
Such systems need excellent SNR to avoid losing the weak
signal in the quantization or thermal noise.

A sigma—delta ADC is based on two key principles
to provide high data conversion accuracy: oversampling and
noise shaping. It is quite common to use an oversampling
rate (OSR) higher than 32 to achieve over 16-bit accuracy for
analog-to-digital conversion!!:2!, However, a high OSR leads
to a low Nyquist data rate. Multi-bit sigma—delta modulators
help to achieve high accuracy with moderate OSR (between
16 and 32), but precaution has to be taken to minimize the
distortion and extra noise introduced by the mismatch of the
feedback DAC element.

The feature of pipelined ADCs, on the other hand, is to
obtain a high conversion speed with moderate high accuracy
at the cost of a few clock cycles latency. The achievable accu-
racy of the pipelined ADC is limited by the matching of the
capacitors inside the sub-blocks, such as the MDAC. When
14-bit accuracy is required, trimming or some kind of calibra-
tion is required, which tends to lower the speed of the overall
ADC and increases the power consumption and complexity as
well3-3,

The proposed architecture operated with low OSR and
high signal bandwidth, which combines a multi-bit sigma—
delta modulator with a 12-bit pipelined converter, is described
in this paper. Circuit implementation details for the cascaded
sigma—delta pipeline ADC are discussed, including the 16-bit
linear multi-bit D/A converters in the modulator, the 12-bit
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pipeline ADC, and the on-chip digital half-band FIR (finite im-
pulse response) decimation filters. Noise limitations and mea-
sured performance of the integrated ADC are also reported.

2. Architecture design

Figure 1 shows the block diagram of a conventional
multi-bit sigma—delta ADC providing high SNR for this 16-
bit accuracy application. The digital output of the modulator
Mout(z) is given by

Mout(z) = G(2)Vin(z) + H(2)Qm(2), ey
G(2) =F@@)/[1 + F@2)], @
H(z) = 1/[1 + F(2)], 3

where Vi, (2) is the ADC input signal, G(z) is the signal trans-
fer function (STF) of the modulator loop, H(z) is the error
or ‘noise’ transfer function (NTF) of the modulator loop, and
Owm(z) is the quantization error of the m-bit flash ADC!®!.

In this application, the OSR is quite low (OSR = 8) and
the required accuracy is quite high (16-bit). Therefore, a multi-
bit quantizer must be employed. Although a higher order mod-
ulator (N > 2) tends to give higher SNR, the improvement at
this low OSR is marginal. For example, if a classical NTF in
the form of

H@z)=(1-z")" “

is chosen, the improvement of the SNR with each increment
in loop order N is 15 dB and 9 dB for OSRs of 16 and 8,
respectively. If a 2-order modulator is chosen, the quantizer
resolution has to be larger than 8 to ensure an SNR larger than
84 dB.

Since the quantizer in Fig. 1 is part of a feedback loop,
it must quickly quantize the signal. Any delays in the mod-
ulator loop must be small enough to avoid destabilizing the
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Fig. 1. Conventional multi-bit sigma—delta ADC.
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Fig. 3. The proposed cascaded multi-bit sigma-delta pipeline ADC.

loop. A flash ADC provides a small delay and is a good choice
for the quantizer implementation. Unfortunately, the flash ar-
chitecture is not well suited for high-resolution quantization,
because the area and power consumption doubles for each ad-
ditional bit of resolution. Consequently, the option of imple-
menting a flash ADC into a conventional modulator with high
resolution feedback is not promising.

Figure 2 shows the block diagram of a cascaded multi-
bit sigma—delta ADC architecture, which may be implemented
with an efficient high-resolution quantizer. In this architecture,
a first-stage k-bit analog sigma—delta modulator is cascaded
with a second-stage m-bit high resolution ADC (m > k). The
first-stage modulator includes a loop filter, a k-bit flash ADC,
and a k-bit feedback DAC. The second-stage ADC provides
m-bit quantized digital output data at the same rate as the flash
ADC conversion rate. A key feature of the structure is that
the m-bit ADC is not within the modulator loop, and so its
latency will not affect the stability of the modulator loop. Ex-
amples of ADC architectures that are good candidates for the
second-stage ADC includes pipelined architectures®=! and
parallel time-interleaved architectures!”-#!. Both provide rela-
tively high resolution at economical cost and a fast conversion
rate. The relationships between them are as follows:

Fout(z) = G(2)Vin(2) + H(2) Ok (2), ®)

Pout(z) = Sout(z) — Z PFout(z) = Om(z) — Z P 0k (z), (6)
Cout(z) = Z~PFout(z) + Hy(z)Pout(z)
=ZPG(2)Vin(2) + ZP[H(2) — Hy(2)]Qk (2) + Ha(2)Om(2),
(7
where the definitions of Vi,(z), G(z) and H(z) are the same as
in Eqs. (1)—(3). Ok(z) and Qp(z) are the quantized noise for

the k-bit flash ADC and the m-bit pipeline ADC, respectively.
Z7P is the latency of the pipeline ADC, and D is the delay
measured in number of clock cycles. Qpy(z) is much smaller
than Qx(z). If Hy(z) is equal to the NTF of modulator H(z),
then Qk(2), as a greater term in the quantized noise, will be
eliminated, and so

Cout(z) = Z™°G(2)Vin(2) + Ha(2)Qm(2)- ®)

Although the input is delayed by Z=P, the noise feature is the
same as that of the m-bit high-resolution modulator loop. Ob-
viously, the structure in Fig. 2 is more suitable than that in
Fig. 1. Furthermore, since the number of quantized bits in the
modulator loop is reduced, the requirements for capacitance
matching in the feedback DAC will decrease and the noise fig-
ure will be more favorable!!.

3. Circuit design

The proposed detailed block diagram of the 16-bit ADC
is drawn in Fig. 3. The ADC includes a 5-bit 2-order modulator
loop cascaded with a 4-stage 12-bit pipelined ADC. A 5-3-3-4
pipeline architecture provides high accuracy at a 4 MHz con-
version rate. The pipelined ADC is implemented with a con-
ventional fully-differential multi-bit-per-stage switched capac-
itor design that has been well described in the literature!!>,
This converter provides full 12-bit linearity without trim or
calibration. The use of 12-bit in the pipeline insures that the
ADC noise performance is not dominated by the pipeline er-
ror (Qwm), either while operating at 8X OSR or at 4X OSR.

The outputs of the last three stages of the pipelined con-
verter are combined in the pipeline correction logic to form the
8 LSBs, which provide an approximation of the large quanti-
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e H@) =1/ +L@) = (1 -2 (10)

LY Equation (10) is identical to the digital filter transfer function

i;i—%j P l}'E to be matched (i.e. Hy(z) in Eq. (7)). Therefore, under ideal

| o i [ s ~—_ _— conditions, the quantization noise from the modulator quan-

s TR 'L_F}Q}Q—‘T‘" + : tizer Ok should be canceled, while the quantization noise from

VREFN 4;3_.5—1-3—Eﬂ‘ +l £ the pipeline ADC Q\; will be suppressed by this 2-order high-

VINN . 3:‘:' b2 L VOUTN pass transfer function, which results in superior in-band SNR.

1 é‘j '=' *é " The low frequency distortion of the multi-bit sigma—delta

p2+RI0] | cno CiM ADC is limited by element mismatch errors of the multi-bit

: ‘?{'"' D/A converter. The DEM (dynamic element matching) block

4,3_,'._% '(_)”II in Fig. 3 achieves a 1-order mismatch shaping effect by av-

ﬂﬂ eraging the usage of each unit element. It should be empha-

I a1 1'_| sized that careful layout is mandatory to minimize the capaci-

"’EE»E—)IQ\N tor mismatch error in the feedback DAC. Double-poly capaci-

| PTRIZ tors should be chosen to reduce the parasitic bottom plate ca-

Fig. 4. Switched-capacitor DAC and integrator.

zation error (Qg) of the 5-bit flash. The most significant bit
of the 8 LSBs is aligned with the least significant bit of the 5-
bit flash data during numerical processing of these two signals.
Similarly, an extra bit of redundancy is also used in each of the
3-bit residue stages to facilitate digital correction of flash er-
rors. The 2-order digital differentiation of the LSBs, provided
in the LSB differentiator block, emulates the filtering of the
flash quantization noise in the 2-order modulator loop. The
differentiated LSBs are added to the time-delayed output of
the modulator loop, resulting in a digital output Cout(z), which
is equivalent to the output of a single 2-order modulator loop
with 12-bit feedback. The digital hardware for the LSB dif-
ferentiator and adder requires only four addition/subtraction
operations of modest resolution. Half-band decimation filters
are implemented in each of the 2X decimator blocks to provide
filtering and 8X decimation of the output data.

Two significant simplifications are implemented in the
block diagram in Fig. 3, as compared to the diagram in Fig. 2.
First, the flash ADC in the modulator loop is shared by the
pipelined ADC. This 5-bit flash ADC is used both as the quan-
tizer in the modulator loop and the first stage of the 5-3-3-4
pipeline, providing a significant die area reduction of the in-
tegrated ADC. Second, the digital processing circuitry is sim-
plified. The difference in the first 5-bit stage of the pipeline
provides an analog representation of the 5-bit flash quantiza-
tion error Qk. The last three stages of the pipeline digitize this
quantity. Thus, the need for the analogous differencing opera-
tion provided by the digital difference in Fig. 2 is eliminated.

3.1. 2-order multi-bit sigma-delta modulator

The loop filter of the 2-order modulator shown in Fig. 3
can be derived as

Lz) = [z /A= D2+ /(-7 = @z =z7H) /(-7
&)

Thus, the noise transfer function (NTF) can be obtained as

pacitance. Dummy capacitors should be placed around the ca-
pacitor array for better matching.

The fully-differential switched-capacitor structure shown
in Fig. 4 implements the combination of DAC and first integra-
tor functions. Each conversion period is divided into two non-
overlapping clock phases. In phase phil, all of the switches
in the input switch array are switched on, connecting the bot-
tom plates of all the DAC capacitors to the input signals, Vinp
and VinN. The top plates are connected to ground during phil
and a charge proportional to the input signal is established on
the DAC capacitor array. In phase phi2, the bottom plates of
the capacitor elements in the DAC array are individually re-
connected either to the positive reference voltage Vggpp or the
negative reference voltage Vrgpn using switches in the ref-
erence switch array. The top plates are simultaneously con-
nected to the input terminals of amplifier A0, causing a trans-
fer of charge from the DAC capacitors onto the integrating ca-
pacitors. The reference switches in Fig. 4 are controlled with
30 signals, RO through R29. These control signals are gener-
ated by the DEM, which scrambles the 30 thermometer-code
levels from the 5-b flash ADC to control the capacitor ele-
ment selection in the DAC. For a flash thermometer code of
Jj(0 < j < 29), jcapacitors in the upper DAC array are con-
nected to Vrepp and 30-; capacitors are connected to Vrgpm-
The control signals to the reference switches in the lower ar-
ray in Fig. 4 are inverted from those in the upper array to
provide a corresponding equal and opposite control signal in
the lower half of the differential circuit. The resulting charge
transfer onto the integrating capacitors is proportional to the
difference between the input signal and an analog represen-
tation of the flash thermometer code signal. The 5-bit flash
ADC has 30 threshold values R [29:0], and thus a total of
31 thermometer codes. Compared with traditional full 5-bit
quantizer, 25-2 comparators are used, instead of 25 — 1 com-
parators. This allows an errors of up to +/— 1/16 Vrgp in the
flash ADC threshold value since they can be corrected later on
by digital error correction logic. A fully-differential compara-
tor array structure will be used for maximum noise immunity.
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Fig. 5. MDAC-1 for pipeline ADC: (a) Sampling phase; (b) Multipli-
cation phase.

3.2. 12-bit pipeline ADC

The pipeline ADC needs to provide 12-bit resolution, so
that its quantization noise can be small enough to achieve 16-
bit accuracy after being noise-shaped by a 2-order transfer
function. As shown in Fig. 3, a 5-3-3-4 multi-stage architec-
ture will be chosen. Part of the first 5-bit stage will be com-
bined with the modulator. The 5-bit sub-DAC and multiplica-
tion by 16 will be combined together and implemented as a
fully-differential switched-capacitor MDAC circuitry!'%).

Figure 5 shows the proposed MDAC. Two-phase clock-
ing will be used. During phil, the MDAC enters into the
sampling phase, where all the input capacitors sample the in-
put voltage. The amplifier has its input/output shorted in this
phase. Thus, any offset error from the amplifier will be stored
across the input capacitors as well. This is usually called ‘auto-
zero’ function. In phase phi2, the bottom plates of the input
capacitors (C, 2C, 4C, 8C and 16C) will be switched to either
Viefp OF Viefn, depending on the decision made by the sub-ADC
D;, (i =0-4). If D; = ’'l’, then the bottom plate of the corre-
sponding capacitor will be tied to Vyp,, otherwise it will be tied
to Vier- In this way, at the end of phi2, the difference between
the current input voltage Vi, and the feedback DAC voltage
will be generated according to the following equation:

\Q=l6%n—§:DﬂW%f—05Kﬁ,i=0J4114. (11)

The output voltage will feed as the input into the next stage of
the pipeline, while the digitized value D; (i = 0-4) appears as
the first stage 5-bit output.

3.3. On-chip FIR decimation filters

The cascaded pipeline plus sigma-delta modulator ADC
generates 12-bit output data clocked at f; = 4 MHz. To get 16-
bit final output, three stages of half-band filters are required.
Each half-band filter will reduce the input data rate by a factor
of 2 while increasing the bit-word length gradually from 12-
bit to 16-bit. The first half-band filter is a 23-order FIR filter
operating at f;/2. Due to the special property of the half-band
filter, the other filter coefficients are all zero. Thus, there are

) PO s W
L tr

.

x(n+l)

yin)

Fig. 6. First-stage half-band FIR filter.

only 13 non-zero filter coefficients needed. The implementa-
tion of the filter can be further simplified due to the symmetry
inherent to FIR filters, that is:

H(n) = H(M —n), where M =22,n=0,2,4,... (12)

The element circuits of digital filters, in fact, refer to flip-flops,
adders, and multipliers. To save area and power dissipation,
the coefficients are fixed in the circuit, and the multiplier is
replaced by a shift-adder. As a result, the circuit speed is in-
creased and the scales for the circuit and layout are reduced.
In general, if a binary bit corresponding to a filter coefficient
is zero, one adder can be saved. The diagram of the whole 1st
stage half-band FIR digital filter (HBF1) is shown in Fig. 6.
The configuration of the following two stages are similar to
the first one.

4. Noise limitations

Four important noise sources contribute to the overall
noise performance of this ADC: 12-bit pipeline quantization
noise (Qu), 5-bit flash ADC quantization noise leakage (H—
Hg4) Ok, noise energy of capacitor mismatch errors in the mod-
ulator feedback DAC, and device thermal noise. The use of
12-bit in the pipeline stage and 5-bit feedback in the modula-
tor loop ensures that the ADC is not limited by quantization
noise, either from the pipeline (Qy) or from leakage of flash
quantization errors ((H-H4)Qk) in the modulator loop. With
8X oversampling, the theoretical inband rms energy of the
12-b pipeline quantization noise (Qy) is 106 dB below that
of a full-scale sine wave.

Behavioral simulation illustrates the effect of analog
transfer function errors (i.e. H # Hg) on the ADC noise per-
formance. A gain error is modeled in the first integrator INT1
in these simulations. With 8X oversampling and a 0.5% gain
error of INT1, the total in-band rms quantization noise energy
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Fig. 8. Undecimated 12-b output.

remains 95 dB below that of a full-scale sine wave. Also, a
standard deviation mismatch of 0.1% is assumed to apply for
the feedback DAC capacitors. The behavioral simulation indi-
cates that the noise contribution from capacitor mismatch er-
rors will remain at a level of less than —96 dB with respect to
the full-scale signal.

5. Measurement results

The ADC has been realized in a 0.35 um double-poly,
treble-metal CMOS process. Figure 7 shows the layout of the
chip. Full-custom analog and digital layout is adopted. Ap-
proximately 65% of the die area is dedicated to the implemen-
tation of digital circuitry, which includes the processing cir-
cuitry for the modulator and pipeline data, the three half-band
decimation filters, and the control/test logic. The 5-bit flash
ADC is centered between the modulator and the pipeline for
convenience of sharing the functions of these two circuits.

The result is measured with a 100 kHz input signal and
with a test mode enabled to allow the data to be captured di-
rectly from the output of the ADC, bypassing the three half-
band decimation filters. Figure 8 shows the spectrum of the
output of the ADC after the modulator and pipeline data have
been digitally processed and combined. This spectrum clearly
shows the reduction in quantization noise achieved with the
cascaded sigma—delta pipeline architecture. The noise spectral
density in Fig. 8 is equivalent to that of a 2-order 12-bit mod-
ulator loop (Qwm). Figure 9 shows the spectrum measured with
8X decimation of the ADC output data. With 8X oversam-
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Fig. 9. 8X decimated 16-b output of the whole ADC.

Table 1. Comparision of performances.

Parameter Ref. [1] Ref.[2] This work
Resolution (bit) 16 16 16
Datarate (kHz) 50 320 500
OSR (X) 256 64 8
DNL (LSB) / / +1
INL (LSB) / / +1.5
SNR (dB) 94 93 82
SFDR (dB) 98 96 95
THD (dB) / / -92
Supply (V) 5 5 5/3
Die size (mm?)  0.39 1.6 5

pling, the noise performance of the ADC is limited by device
noise primarily.

The measurement results are summarized in Ta-
ble 1. Compared to previously published sigma—-delta A/D
converters!»2 11121 the hybrid architecture provides excellent
SFDR, linearity and dynamic range with low OSR and high
output data rate.

6. Conclusion

A cascaded sigma—delta pipeline A/D converter achieves
an 82 dB SNR and 95 dB SFDR is presented. The ADC ar-
chitecture combines sigma—delta techniques with traditional
high-speed Nyquist-rate A/D conversion techniques to simul-
taneously achieve wide bandwidth and wide dynamic range.
The device operates at a 4 MHz sample rate and at a low 8X
oversampling rate. The chip is integrated in a 0.35 ym double-
poly, treble-metal CMOS process. Static power consumption
is only 300 mW with a single 5 V analog supply and a single
3 V digital supply.
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