IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 12, DECEMBER 2003 2555

An 8-GHz Continuous-Tim&-A Analog-Digital
Converter in an InP-Based HBT Technology

Sundararajan Krishnassociate Member, IEEBennis Scott, Zach Griffith, Miguel Urteaga, Yun Wei,
Navin Parthasarathy, and Mark Rodwéikllow, IEEE

Abstract—We report an 8-GHz clock-rate, second-order con- spectral shaping of the noise for frequencies below 1 GHz.
tinuous-time X—A analog—digital converter (ADC) that achieves Post-measurement full-loop SPICE simulations revealed that

57.4-, 51.7-, and 40.2-dB SNR at signal sampling rates of 125, ; ; ; ; ;
250, and 500 Ms/s, respectively. The integrated circuit occupied f[he quantizer output did not rise quickly enough, resulting

1.45-mnt die area, contains 76 transistors, is fabricated in an M _a digital—ana_log Cor_1verte_r (DAC) pulse that was in error.
InP-based HBT technology, and dissipates~ 1.8 W. We also This effect manifested itself in the output power spectrum as a
study the effect of excess delay on modulator performance, and whitening of the noise floor at low frequencies [14].
show that excess delay does not affect performance as long as the |n order to minimize such metastability errors in the quan-
centroid-in-time of the digital-analog converter pulse remains {i;ar we have used an additional stage of regeneration [5]. This
stationary. additional stage introduces excess delay in the loop, and the
~Index Terms—Analog-to-digital converter (ADC), continuous effect of this delay on ADC resolution is well known [9]-[11]
time, delta-sigma, HBTS, InP. and has been studied in detail [8]. In [8], Cherry and Snelgrove
studied the effect of excess delay by considering the equiv-
|. INTRODUCTION alence between continuous- and discrete-timeA ADCs.
. _Using such an approach, they were able to predict SNR degra-
IG.:'SPEE dD anﬁlogt_-to-dlgltal_(;:or;)ver(tjers (ADCs) ft'_nddation in the presence of excess delay and propose solutions
widespread applicalions in wide-band communicatio compensate for the loss in performance. Here, we provide

and radar_recewer_s. When high sampling rate§ are feasi fir alternate analysis of SNR degradation in the presence of
oversampling architectures can be used to obtain high resg Ueess delay. We compare the linear additive-white-noise

El)on > ilo b':]).tat tS|gnatIJ sargpllng ratgsle?ceedlr?_g 1OOhME/ odel's predictions with full-loop MrLAB simulations to
ne such architecture, base moduiation achieves NigN o, that the simple linear model cannot be used to explain

SNR without requiring high precision in component values %he dynamics of an ADC with a 1-bit internal quantizer. We

device matching. :
then proceed to show that the problem can be understood using
The SNR of a=-A modulator depends on the order of th?iming diagrams, and that the loss in SNR can be recovered by

loop filter and the oversampling ratio (OSR) [1]. In order t itoring th PR f the DA | .
avoid the stability problems that make the design of higher Ori%ronltormg the centroid in time of the DAC pulse, and ensuring

o) | filters difficult. and to minimize desi lexit at it remains stationary. It is further shown that this can be
(>2) loop-filters difficult, an 10 MiNiMize desIgn-complexity, 5 opieyeq by using a return-to-zero (RTZ) DAC. We conclude
we use a second-order loop filter in our design. To obtain hi

luti K high lock rat is feasible i y comparing the measured results of two designs: one with
resolution, we seek as high a clock rate as 1S feasible in Scompensation for excess delay and the other where an RTZ

technology. .
. . . . .DAC is used to compensate for the excess delay. The ADCs
InP-based HBTs have achieved very high device bandwdt%;e clocked at 8 GHzp y

[2], permitting very high-speed digital integrated circuits (ICs
[3]. In bipolar processes, fast low-offset switches are difficult
to implement, and the continuous-time architecture [4] is more o . . _ .
readily implemented than the discrete-time switched-capacitorThe circuits are fabricated in a triple-mesa process. A descrip-
architecture prevalent in CMOS-A ADCs. Continuous-time tion of the HBT process can be found in [2]. Here, we will limit
¥-A modulators have been reported with clock rates as high@selves to a discussion on the wiring environment alone. To
4[7] and 5 GHz [6]. We had earlier reported a modulator with&alize complex mixed-signal ICs, a wiring environment that
clock rate of 18 GHz [14]. This design, though, did not exhibfihaintains control of signal integrity and has predictable char-
acteristics to enable robust computer-aided design (CAD) is
, _ _ _ _required. Thin-film dielectric microstrip wiring provides con-
Manuscript received April 17, 2003. This work was supported by the Offlcte . . L . .
of Naval Research under Grant NO0014-01-1-0024. rolled-impedance interconnects within dense mixed-signal ICs.
S. Krishnan was with the Department of Electrical and ComputéFhe associated ground plane eliminates signal coupling through
Engineering, University of California at Santa Barbara, Santa Barbara, Gf\-wafer ground-return inductance. Such a wiring environment
93106 USA. He is now with Texas Instruments Incorporated, Bangalore dded h ith th dditi f a diel ic |
560017, India (e-mail: s-krishnan2@ti.com). IS added to the process with the addition o a die ectric layer
D. Scott, Z. Griffith, M. Urteaga, Y. Wei, N. Parthasarathy, and M. Rodweland ground plane above the IC top-surface wiring planes. We
are with the Department of Electrical and Computer Engineering, Universifygye implemented this by spin casting auS-thick benzocy-
of California at Santa Barbara, Santa Barbara, CA 93106 USA (e—maili b | fi hi . . dd
rodwell@ece.ucsb.edu). Clobutene (BCB) polymer film, etching vias in BCB, and de-
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Fig. 1. Cross-sectional view of the microstrip wiring environment.
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Fig. 3. Linear model in the presence of excess delay in the loop.

it can be shown that the equivalent continuous-time transfer
function for the discrete-time filter is given by [8]

14 1.5sT5
G(s) = a7z 1)
whereT, = 1/f, represents the sampling time. Any excess
delayr can be represented as’“7 in the frequency domain
and is simply a multiplying factor in the loop transfer function

(Fig. 3).
The noise transfer function in the frequency domaifyw)
is given by
. Y (jw) 1
N(jw) = = —, 2
V)= B " Th aGe) e @
Fig. 2. Top view of the microstrip wiring environment: M-S latch after platin . . .
the ground plane. g1N(]w)|2 can be simplified to
_ wt - T
1-1.57

SN2
shows a cross-sectional view of the wiring environment, and oy (Gw)I” = 2 .
IC micrograph of a master—slave (M-S) latch after ground-plane <w2 -T2 . < ) - 1) +w? - (1.5Ts—71)2
plating, respectively. s 3)

In such a wiring environment, 8- and;8n width conduc-  congjder the effect af on| N (jw)|? at low frequencies or, in
tors have controlled 50- and 80-impedances, respectively. giher words, the effect of excess delay on the in-band noise sup-
Since the dielectric is thin, ground-via inductance is greatly "Bression. At low frequencies, the denominatopefjw)|? sim-

duced. Interconnects are not significantly coupled for line SPSifies to its constant term, in this case, unity. Herdé(jw)|?
ings greater than 10m. Ground vias can be closely spaced, a§mplifies as

is required in complex ICs. The disadvantage of such a tech-
nique is the increase in skin loss compared to a conventional IN(jw)|* = w* - T2 (4)
microstrip of similar impedance.

The HBTs are characterized for their dc and RF performand# expression that is independent of the excess deldgnce, a
A device with 0.7x 8 um? emitter mask and 1.¥ 12 ym? linearized-model-based analysis predicts that excess delay has
collector mask dimensions exhibifs, fmax, andBVcgo of  no effect on the in-band suppression of the quantization noise
205 GHz, 210 GHz, and 6 V, respectively at a current densi@ low frequencies and, consequently, on the resolution of the
J. = 2.5 x 10° A/cnm? and at a bias voltage Y = 1.2 V. ADC at high OSRs. Further, since it is possible to compensate
for the excess delay over a wide range of frequencies by intro-
ducing a zero with a time constantin the loop, one would
expect that excess delay would have little or no effect on the
SNR over a wide range of signal sampling rates. To verify this,

The most common design procedure for continuous-tinvee performed MTLAB simulations on the two circuits, i.e., an
Y¥-A modulators is to start with a discrete-time transfehDC with an M-S latch-based quantizer and an ADC with a
function that will provide maximum baseband attenuatiomaster—slave—slave (M-S-S) latch-based quantizer, but with the
of quantization noise. The discrete-time transfer function Iscation of the zeros altered to compensate for the excess delay.
then transformed to the continuous-time domain to obtainTde circuit block diagram is shown in Fig. 4. The additional
continuous-time transfer function. For a second-order systestage of regeneration introduces an extra delay of one-half clock

I1l. CHOICE OF ¥—A ARCHITECTURE THE PROBLEM
OF EXCESSDELAY



KRISHNAN et al.: 8-GHz CONTINUOUS-TIMEX-A ADC IN INP-BASED HBT TECHNOLOGY 2557

T, changed

MATLAB.

i
—_
o
<

{additional stage of regeneration | = L S

o ]

o ]

0yl T T ol s s o0 5 207
= S
H <%

' [3) -60_

["DAc | L ]

S -80- MSS latch; RTZ DAC

Fig. 4. Circuit block diagram for simulating the effect of excess delay using
Q.
=
o]

MS latch

[
—_
N
it

0 - | P | M| M|

-20

"3 R
Frequency (Hz)

Fig. 7. Simulation result: a comparison of the FFT of the output bit stream
of a MATLAB simulation of a second-ord&i—-A ADC with an M-S latch and

an NRZ DAC and a MrLAB simulation of a second-ordét—-A ADC with

an M-S-S latch and a RTZ DAC with the zero location altered suitably. In
both casesfciock = 20 GHz, faigna = 78.125 MHz, 1.22-MHz FFT bin
(resolution).
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Fig. 5. Simulation result: a comparison of the FFT of the output bit-stream for poing
a MATLAB simulation of a second-ordé&i—-A ADC with an M-S latch-based N\ CT Master-
1-bit quantizer and a WMrLAB simulation of a second-ord&—A ADC with an P 9 Slave- out
M-S-S latch-based 1-bit quantizgficc = 20 GHZ, faigna = 78.125 MHz, 9m1 m2 < f‘T}?_‘ﬁ%p —
1.22-MHz FFT bin (resolution). L CJ— A
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Given the inconsistency between the linear model’s predic-
tion and the MTLAB simulation, and the fact that the additive

white-noise approximation does not hold for a 1-bit quantizer,
Fig. 6. Variation of the centroid in time of the DAC with choice of quantizeW€ conclude that the linear model cannot be used to explain the
and the nature of the DAC. dynamics of a modulator with a 1-bit internal quantizer. Instead,

we propose a timing-diagram-based approach. Since the quan-
cycle (25 ps for a 20-GHz clock) and the zero location in thizer's output depends on its input at the sampling instants, it
latter case was chosen to compensate for this excess delay. Faghduld be possible to recover the loss in SNR by restoring the
compares the results of a full-loopAvLAB simulation for the quantizer inputs to their original values (i.e., the case where the
two cases. The results of the full-loop simulation are inconsiadditional stage of regeneration is absent) at the clock transition.
tent with the linear model predictions. We observe consideralilbe input to the quantizer at the sampling instant depends on the
degradation in SNR in the presence of excess delay in spiteaofiount of charge fed back in a given clock cycle and, hence,
introducing a zero in the loop. For instance, at an OSR of 128e will observe no degradation as long as the same amount of
we see> 15 dB SNR degradation between the two cases. charge is fed back in the two cases. Since the clock period is the
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Component Values
- Device Geometries
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Cint= 3 pF - Vee
Ra = 666 ohm Q1,Q2, Q3 and Q4
Rb = 666 ohm Rz emitter junction dimensions : 0.6 * 7 um*2
Rdeg = 680 ohm collector junction dimensions : 2.1 * 13.4 umA2
Ref = 650 ohm
Rint = 270 ohm Q5, Q6, Q7 and Q8
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Fig. 9. Circuit schematic of the first integrator.

same in the two cases, this can be achieved by ensuring thatlémt agreement is observed between the output power spectra in
centroid in time of the DAC current pulse is stationary. the two cases (Fig. 7).

Consider the timing diagram shown in Fig. 6. We will use Based on these observations, two ADCs were designed in
the falling edge of the clock as our reference point and compahe mesa-HBT technology. Both designs use an M—-S-S latch
the centroids in time for the different cases relative to it. Withs the internal quantizer. While one design uses an NRZ DAC,
an M-S latch-based quantizer [see Fig. 6(a)] and a nonrettine other uses an RTZ DAC to compensate for the excess delay
to zero (NRZ) DAC, the centroid in time I /2 away from introduced by the additional stage of regeneration. Section IV
the clock transition. With an M—S-S latch-based quantizer [sdiscusses some of the circuit-design aspects of the ADC.

Fig. 6(b)] and an NRZ DAC, the centroid 13y from the clock
transition. If our arguments hold, we should be able to recover
any loss in SNR between cases (a) and (b) using the DAC pulse
shown in Fig. 6(c). Such a DAC pulse, though, cannot be re-Fig. 8 shows a simplified block diagram of the IC. Clock
alized with an M-S-S latch-based quantizer. With an M-S-iffers are used to convert the single-ended clock signal avail-
latch-based quantizer, the DAC pulse will have to be a deltdle from the synthesizer to differential form. This differential
function (atAT = T.;/2) to maintain the position of its cen- clock signal feeds the comparator and the RTZ DAC.
troid-in-time constant (This observation is consistent with the The circuit schematic for the first integrator is shown in Fig. 9.
results obtained in [8].) In order to obtain a reasonable corransistors Q3, Q4, Q7, and Q8, in association with the degen-
promise between excess delay and circuit realizability, we useation resistanc&deg produce a negative resistance to com-
an RTZ DAC [see Fig. 6(d)] whose centroid in time3ig.;. /4 pensate for the effect of the load resistafiie As a result, the
away from the clock transition. We find that the new relative exdc gain of the integrator is greatly increased

cess delay of ;i /4 [relative to case (a)] can be neutralized by Since it is outside the loop, the linearity of the input stage
changing the location of the zero in the transfer function. Exceéipacts the dynamic range of the-A ADC. It is thus critical

IV. CIRcUIT DESIGN
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Fig. 11. IC micrograph of the RTZ-DAC-based ADC.
Fig. 10. Simulation result: SPICE simulation of the linearity of the integrator.

We observe an intermodulation suppression of 88 dBc at an input power of U — e
—7.5 dBm. 2 104 RBW=3MHz [

= 3 VBW = 10 KHz

E 20 -
that the input transconductance cell be highly linear with min- % _30_5 3
imal distortion. To achieve this, Jensetral.[5] use a linearized & 1 :
input gm stage based on the Caprio’s cell [13]. In our designs, § 40 E
to minimize circuit complexity, we make the bias current of the é’ 50 e
transconductance cell much larger than the current fed back by 2 -60 4 RTZ DAC 3
the DAC. This results in a situation where the A loop over- S o] E
loads before the input transconductance cell. Hence, high lin- Py I e f
earity and minimal distortion are achieved in the input stage at 0 510° 110° 1510°
the cost of increased dc power. Fig. 10 shows the variation of Frequency (H2)

the fundamental and third-order tones with input power. At an - . - - C-based ADC
f » : : -ig. 12. omparison of the output power spectra of the NRZ-DAC-based AD
input power of-7.5 dBm, we observe an intermodulation Sl‘Ide;nd the RTZ-DAC-based ADC as measured on an analog spectrum analyzer.
pression of 88 dBc.

In addlfuo_n, the input sta_ge contnbute_s the_rmal and shot NOIR% er-based digital acquisition measurements. For the remainder
and can limit the SNR. Using a calculation similar to that show,

in [14], we estimate the input-noise limited SNR to be 153 d%Dtrc]:lsuii:;fgidtlgfvfsremn'?;%cmgéefer to the RTZ-DAC-based
(1 Hz). :

The circuit schematic of the second integrator is similar to trlzgt\(’)vi g acat:;iéle (gjm‘lgE:E)?)l Clijlst?sséi:?hmu?nﬂ rs;r nggﬂ.e;ﬂ%ne
firstintegrator. The quantizer is an 87-GHz [3] M—S-S flip-flop 9

While the NRZ DAC is a simple current-switching pair, the RT EMUX. The data from the 16 channels is then read into a

DAC has two levels of switching, one for the data and one for t 0%% /san\il/g\f:fror?‘r?distr?r?esr]:errree(?or:(;tric(t:g(;n ?:tesgﬂl—vg?eoggg]a;
clock. To maintain the charge fed back by the DAC constantmATLAB_baSe d program is used to perform a fast Fourier

the two cases, the RTZ DAC uses a bias current four times higher

. . transform (FFT) on this reconstructed waveform. We perform a
than the NRZ DAC. The error signal is generated by curreTgl 072-point FFT for both one- and two-tone measurements.

Séuer:trigl:%/a(;;2;%2[2l:;gorgzzgrt;éI:t;:SSC;nn ddif;a:]cezge Fig. 13 plots the calculated 131 072-point FFT spectrum for
P B25-MHz input. The OSR is 64 and the input power is 3 dBm.
results. . .

For single-tone measurements, SNR, and effective number of
bits (ENOB) of resolution for a Nyquist-rate ADC are related
by the expression [15]

The IC micrograph of the RTZ-DAC-based ADC is shown (SNR — 1.76)
in Fig. 11. The design consists of 76 transistors and dissipates ENOB = 2+ =7/
1.8 W. 6.02

Fig. 12 compares the output power spectrum, as viewed Wfe have calculated the SNR and ENOB using the noise power
a spectrum analyzer, for the two circuits. In agreement withtegrated over the signal bandwidth. The results are presented
our simulations, the RTZ-DAC-based ADC exhibits better rea Table | at different signal frequencies.
olution than the NRZ-DAC-based ADC and is likely due to its The loop does not show ideal behavior for high OSRs=(
lower loop delay. In addition, the noise level for the RTZ-DAC32). For example, the SNR for an ideal 8-GHz clock rate second-
based ADC is constant at the lower end of the spectrum. Digrder>—A modulator, at an OSR of 32, is 51 dB if the SNR is
ital acquisition of the bit stream is necessary to ensure that w&culated using the noise power measured on the upper band
are not limited by the dynamic range of the spectrum analyzedge. The measured ADC exhibits an SNR of 48 dB at this OSR.
and, if so, to predict the performance of the RTZ-DAC-based We believe that the nonideal behavior at low frequencies is
ADC correctly. We now discuss the results of such logic andue to a couple of reasons, namely, residual metastability errors

V. MEASUREMENT AND RESULTS
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Fig. 13. Output power spectrum of the ADC obtained by a 131 072-point FHET9- 15. Third-_order distortiqn for a two-tone input at 124 and 126 MHz; the
performed on digital data acquired at 8 Gb/s. comparator is biased for maximum speed.
TABLE | Fig. 14 shows the output power spectrum for two tones at

SNR AND ENOB UsING NOISE POWER INTEGRATED OVER

SGNAL BANDWIDTH 124 and 126 MHz. We observe 80 dBc suppression of the

two-tone intermodulation products. For this measurement, the

Signal Equivalent | SNR,dB | SNR,dB | SNR,dB | ENOB  comparator was not biased for maximum speed. Due to a design
Frequency Sampling rate | 61 kHz 1Hz Nyquist . .
625 MHz | 125 Ms/s 8754 13539 574 935 oversight, we do not use separate voltage sources for the inte-
125MHz | 250 Ms/s 84.8 132.65 517 8.29 grator, comparator, and DAC. For this reason, the bias current
250MHz | 500 Ms/s 763 124.15 402 6.38 in the DAC increases at a much faster rate than the bias current
K 1 , 1 in the integrator, when the supply voltage is increased. Hence,
o 0] I we observe only 70-dBc suppression of the two-tone intermod-
w ] I ulation products at the best bias point (Fig. 15).
'é -20] L Based on these results, we conclude that, at the cost of in-
£ 0] 3 creased dc power, sufficient intermodulation suppression can be
;’? 1 - achieved by ensuring that the input stage overloads well after
5 60 g loop overload occurs.
z ] I
o B L
2 80 i VI. CONCLUSIONS
g ] [
O ] We have demonstrated an 8-GHz clock-rate second-order
00 4————— L R A continuous-timez—A ADC in an InP-based mesa-HBT tech-
12100 12210° 1.2410° 12610° 12810° 1310

nology. The ADC achieves SNR of 57.4, 51.7, and 40.2 dB,

corresponding to 9.25, 8.29, and 6.38 effective bits at signal

Fig. 14. Third-order distortion for a two-tone input at 124 and 126 MHz. The@mpling rates of 125, 250, and 500 Ms/s, respectively. The

intermodulation products are below the noise floor and, hence, are not visibkC occupies a die area of 1.45 rApcontains 76 transistors
and dissipates 1.8 W of power. In addition, we have also

in the quantizer, and to delays associated with latch latency. WWeposed, given the inability of a linear additive white-noise

performed post-measurement simulations on the ADC whermdel to explain the dynamics of a 1-bit internal quantizer,

we delayed the clock to the RTZ DAC relative to the M—S—& centroid-in-time-based approach to neutralize the effect of

latch by 3 ps. In such a scenario, spurious glitches are produesdess delay on modulator performance.

in the DAC pulse, and this manifests itself in the output power

spectrum as a whitening of the noise-floor at low frequencies. ACKNOWLEDGMENT
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