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Time-Stretched ADC Arrays

Bhushan Asuri, Yan Han, and Bahram Jalali

(@
Abstract—This brief analyzes the performance of a new type of
analog-to-digital converters (ADCs) architecture. The approach contem- "
plates stretching the analog signal in time prior to digitization. Its benefits s;gﬂ“;'j;“ BVt

include an increase in the effective sampling rate and the input bandwidth,
and a reduction in the sampling-jitter noise of the digitizer. It builds on - o
the recent demonstration of high-speed analog-to-digial (A/D) conversion WW / —
where a photonic preprocessor was used to successfully stretch an analog —
electrical signal before electronic digitization. The brief considers parallel _ I\'A’ SR
time stretch ADC arrays capable of processing continuous time signals. ; /\/\/\/
In particular the effects of interchannel offset and gain mismatch, and
clock skew are described and are contrasted with those in a conventional W“ /\/\/\/

(b)

time-interleaved system. A mode of operation unique to this system is
outlined wherein interchannel mismatch errors are entirely avoided at the

Fig. 1. Conceptual block diagram for (a) single channel and (b) multichannel
TSADC.

expense of resolution bandwidth.

Index Terms—Analog-to-digital conversion, optical signal processing,
time stretch.
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Time interleaved analog-to-digital converter (ADC) architecture rep-
resents the most popular solution to digitization of high-speed analo[ goadband
signals. In such systems, the analog signal is sampled by a parallel arr Pulg:g?;:rce Fibor 1
of M digitizers, which are sequentially clocked at a rat¢M, each, /
wheref, is the desired aggregate sampling rate. The main limitation o

. . . . £ £ Electronic
this approach is the mismatch between parallel channels. Offset, gai o =] ADC
and clock skew between different channels introduce spurs in the spe < / 2 I /
trum of the digitized signal limiting the performance of the ADC [1], 3 a1 - .

[2]. = T, Time s mT,  Time

Photonic time stretch preprocessing has been shown to be an effec-
tive method for increasing the sampling rate and the input bandwidthgg§. 2. Functional block diagram of the time-stretch preprocessor. The RF
electronic ADCs [3], [4]. The basic time stretched ADC (TSADC) consignal is modulated onto a linearly chirped optical carrier. The waveform is then
cept is shown in Fig. 1. The high-speed signal is captured and slowieearly) dispersed in the optical domain leading to temporal stretching of its
down in time before electronic digitization. For application to time-limEMveloPe:
ited input signals, a single channel system shown in Fig. 1(a) suffices.

On the other hand, if the input signal is continuous, a parallel system,The block diagram for a photonic time-stretch preprocessor is shown
shown in Fig. 1(b), must be employed. in Fig. 2. A linearly chirped optical pulse is generated when a broad-

Time stretch preprocessing increases the input bandwidth and s@and (nearly transform-limited) optical pulse propagates in a optically
pling rate of the electronic digitizer by the stretch facter More im-  dispersive device such as a spool of single mode optical fiber. The elec-
portantly the time stretch system allows one to capture a high-spegdal signal modulates the intensity of this chirped optical carrier in
time-limited signal with a single low-speed electronic ADC, hencean electro-optic modulator. The stretched envelope is produced after
eliminating the channel mismatch problem. Jitter in the sampling clogkopagation through a second linearly dispersive fiber. After photode-
introduces an amplitude error the power of which increases quadragietion, the electrical signal represents the time-stretched version of
cally with the signal frequency. By reducing the signal frequency, timie input RF waveform. Temporal-transformation is a two-step process.
stretch preprocessing reduces such errors [3], [4]. Step 1 is time to optical-wavelength mapping that occurs when the RF

Photonic techniques have been shown to be powerful tools for mgnal is modulated onto the linearly chirped optical carrier. Step 2 is
nipulating the time scale of electrical RF signals [3], [4]. Detailed dehe optical-wavelength to time mapping occurring in the second disper-
scription of the photonic time stretch technique and its implementatigfve fiber. The stretched waveform is then digitized using an electronic
have been described elsewhere [3], [4] and are beyond the scope of ATiEC. Using this technique 130 Gsample/s digitization of time-limited
brief. Here, we provide a brief description of the technique to conveyF signals has recently been demonstrated [4]. This has fueled interest
its pragmatism. in extending the time stretch A/D system to processing of continuous

time signals.
It is intuitively apparent that a continuous-time signal can not be

Manuscript received July 21, 2001; revised August 19, 2002. This WoﬁlretChed using a single channel system. As shown in Fig. 1(b), for
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Fig. 4. RF spectrum obtained from time-domain simulation for a four-channel
segment-interleaved system with offset mismatch. The segments in each channel
are four-samples wide. The offset errors create spurs at dc and harmonics of
375 MHz (6 GHz/16), with nulls at = 4, 8, 12... .. “S” denotes the signal and
“1,”“2,” and “3” are the first three spurs.
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(®) In the above equation we have used= M x N.We can express the

Fig. 3. Two methods for segmentation. In Fig. 3(a), the signal is divided inttiscrete time Fourier transform (DTFT) of the error using the DFT as
four channels, which are sequentially gated using switches. In Fig. 3(b), fglows:
signal is modulated onto a linearly chirped optical carrier. A passive optical filter
segments the optical spectrum. Owing to the time-to-wavelength mapping, this 2 L-1 Feew
Its i ion in the ti in. r(w) = = 5[ — =2
results in segmentation in the time domain Er(w) T ,; F.6 <w 7 ) ) )

5

block in each path. Segmentation is achieved by triggering the switchg¥ds spectrum repeats itself at multiples.af = 27 /T, whereT, is

with a multiphase clock. In Fig. 3(b), the segmentation is performéble sampling period.

in a completely passive method using time-to-wavelength mapping in-In Fig. 4, we present the spectrum obtained from the time domain

herent in a chirped optical carrier. The RF signal is first modulategimulation for a four-channel segment-interleaved system with offset

onto the chirped optical carrier, in a similar manner to that shown mismatch. The segments in each channel are four-samples wide. The

Fig. 2. A passive optical filter then performs wavelength segmenttesult is obtained by taking a 2point DFT for a 887-MHz signal

tion, which owing to the time-to-wavelength mapping, corresponds tone sampled at 6 GHz. The X 4 offset error sequence used in the

the desired time segmentation. In the remainder of this brief, we refmulation is given by» = [0 --- 0; 0.0066: - - 0.0066;—0.0186- - -

to time stretched ADC arrays as “segment-interleaved” to be distir0.0186; 0.0077-- 0.0077]. As predicted by (1) and (2), the offset

guished from the conventional time interleaved architecture which wegrors create spurs at dc and harmonicsof = 375 MHz, with nulls

will call the “sample-interleaved” system. atk =4,8,12,.... The power in the highest spurs located at 375 MHz
In this brief, we analyze the operation and performance of segmeand 750 MHz relative to the signal power aré&3 dB and—51 dB,

interleaved time stretch ADC arrays. In particular we will elucidateespectively.

and quantify the effects of interchannel offset, gain and clock skew onWe now consider gain mismatch error. With the sequefice | ., bo;

system performance. by...,bi;..;ba—1,...,bar—1] representing gain mismatch error. The

DTFT representing the output signal in the presence of gain mismatch

can be described in terms of the analog spectrum of the skji{al)

as follows:
Il. MATHEMATICAL ANALYSIS
L—1
We study a segment-interleaved system withparallel channels, Er(w) = 2m Z F.ox S (w-— kws .
. . _ . . . . 17"Z . L
analytically and by time-domain simulations. The segment in each k=0

channel isN samples wide. We start with offset mismatch and then

study the effects of gain mismatch and clock skew. Interchanmghe resulting spectrum for a sinusoidal input is given by
offset mismatch introduces an error sequence that is periodic with

a periodM x N. The error sequence in one period can be repre-

sented as follows{bg, ...,bo; b1 ... b1; o3 basr—1, -, bar—1]. Er(w)=
This sequence can be expressed as the circular convolution of the

following two A x N sequencegbo, 0, ..., 0; b1, 0, ..., 05 ...;

brr—1,0,...0] o [1,...1;0, ..., 0] whereo stands for circular wherew, is the signal frequency. In Fig. 5 we present the simulation
convolution. The discrete-Fourier transform (DFT) of the erraresults for a 4x 4 system described above. The gain error sequence

5

21 = kw
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Fig.5. RF spectrum obtained from time-domain simulation for a four-channkig. 7. RF spectrum obtained from time-domain simulation for a four-channel
segment-interleaved system with gain mismatch. The gain mismatch cresgegment-interleaved system with clock skew. The skew error creates spurs
spurs centered at 887 MHz spaced by harmonics of 375 MHz. “S” denotes teatered at 887 MHz spaced by harmonics of 375 MHz. “S” denotes the signal
signal and “1,” “2,” and “3" are the first three spurs. and “1,” “2,” and “3” are the first three spurs.

Ideal Segments

FMNflzf(MNfl) =[((M — 1)N zeros),
ss—1.0((MN = V)T, — rag 1T,
(MN —1zeros),
sv—t1,0(—rv—1Ts + MNT,
STy §enly _s=nl +(MN = 1)T.), ...

Real Segments

In the previous equations, is the unit delay operator. The sequence
P can be reconstructed by adding the sequeritces™. The DTFT

Fig.6. Segmented system with clock skew. Each segment con¥asasnples. "€Presenting the output signal in the presence of clock skew can be de-

The segments are displaced from their ideal positions-by, 7', . scribed in terms of the analog spectrum of the sidifdlv) as follows:
1 s} M-1 o

used in the simulation is given By=[1--- 1; 1.03--- 1.03; 0.94 - - S(w) = T Z (Z exp {—j (» -k ﬁ> ;T}

0.94; 1.07--- 1.07]. As predicted by (3), the gain mismatch creates 7 k=—oc \m=0 ?

spurs centered at 887 MHz spaced by harmonics of 375 MHz. The o o

power in the spurs at 1262 MHz and 1637 MHz relative to the signal - exp [—jkm M] >5u <w -k ﬁ)

are—36 and—31 dB, respectively. °

In order to understand the effect of clock skew, we consider the sin TR wk(N -1
system shown in Fig. 6. Each segment contafhsamples. The seg- " sin ZE exp [_J I } :

ments are displaced from theirideal positions-hy, Ts. The sequence

representing the samples captured in the system can be given asgl-2 sinusoidal input, the spectrum can be written as follows:

|OWS,P:[5070---507N_1;...;S]\/[_Lo---.S‘JM_LN_l;...],Where 1 °° ) kws
sm, n 1S thenth sample in thernth segment and can be represented as S(w) = T Z Fi.6 (w TwoT > (4)
Smon = [(m = YNT, + (0 = DT, = v, T.]. k=
By subsampling it al/ x N x T, the sequence? can be decom- M—1 Srkm
posed into the following{ x N subsequences: Fi=g Z exp(—jwormTy) exp <—j ‘”)]
) ) i m=0 b
Po :[Soyo(—’l'oTS)’ 80,0(—7'0TS+¢7\'2[1\TS), ] sin# . Trk(N—l)
Py =[s0,1(Ts — roTs), so,1(—roTs + MNT, +T.), ...] " Tan TE eXp|—J — 71 |- (5)
L
Z—JJ\' :[Sl,O(XVTs _7'1T5)3 . . . .
In Fig. 7, we present the simulation results fora 4 system described

sio(=nTs+ MNT, + NT), .. ] above. The skew error matrix is given by, = [0.01--- 0.01;—0.03
: --- —0.03; 0.02--- 0.02; —0.02- - - —0.02]. The skew error creates
’ spurs centered at 887 MHz spaced by harmonics of 375 MHz. From (4)
Pyun-1=[sp-1,0((MN = DT —ryyTy) and (5) the powers in the spurs at 1262 MHz and 1637 MHz relative to
sv—t1,0(—rm—1Ts + MNT, the signal are-50.4 and—38.3 dB, respectively.
+(MN - 1)T,), ...
Ill. DISCUSSION

We insertM N-1 zeros between each element of the subsampled se- ) . . .
quencesP’; and shift them byj According to the above results, channel mismatch errors in an inter-

. leaved time stretched ADC array (segment-interleaved array) are qual-
Po =[s0,0(=710Ts)(MN —1zeros), itatively similar to those in a sampled-interleaved system. Table | sum-
s0.0(=roTs + MNT,), ...] marizes the results and compares them to the same for a sampled-in-
PN = (N zeros), 51 o(NT, — 1 T,), terlgaved.system. In .the (.:a§e. of offsgt errgr, the number of spurs that
fall in a given bandwidth isV times higher in a segment-interleaved
(MN —1zeros), system compared to a sample interleaved system. While gain and clock
s1,0(—r1Ts + MNT, + NTy), .. ] skew introduce spurious sidebands in both systems, the sidebands are



524 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 49, NO. 7, JULY 2002

TABLE | trum—it will introduce a time offset but no relative phase error between

EFFECT OFINTERCHANNEL MISMATCH ON A SEGMENT-INTERLEAVED ADC  gpactral components. Since the segment length might not always be an
ARRAY COMPARED WITH THE SAME IN A TRADITIONAL SAMPLE-INTERLEAVED

SYSTEM. f.: AGGREGATESAMPLING RATE: f.n: INPUT ANALOG FREQUENCY, integer multlple_of the RF signal period, t_he segmentation might intro-
M: NUMBER OF PARALLEL CHANNELS; N: NUMBER OF SAMPLES PER duce errors similar to the leakage errors in DFT. However the error can
SEGMENT. A MAXIMUM STRETCHFACTOR, 1. = M HAS BEENAsSUMED  be minimized with windowing and/or sufficiently long segments.

In summary, we have analyzed parallel time stretch ADC arrays.

Segment Interleaved lms:rfe‘gid This is a new ADC architecture where the signal is segmented and

Offset Spurs at multiples Spurs at stretched in parallel channels prior to digitization by an array of
of fs/ N-M multiples of fs/ ADCs. Its benefits include an increase in the effective sampling

M rate and the input bandwidth, and a reduction in the sampling-jitter

Gain Spurs at multiples Spurs at noise of the ADC. A photonic preprocessing technique capable of
Of fi/M £ f/N-M m”'t'p:,j/iff fin £ stretching fast electrical signals in time was described. It was shown

Clock Skew | Spurs at multiples Spurs at fchat, upon reconstructipn of the signal from individual time segments,
of M £ f/N'M | multiples of f,, + interchannel offset, gain mismatch, and clock skew create errors that

fyM are qualitatively similar to those in conventional sample-interleaved

systems. However, the new architecture offers the possibility of
closer to the carrier (by a factar) in the segment-interleaved system.aVOiding recc_)nstruction_ altogether: This reqyires a segment length
These results suggest that errors due to interchannel mismatchescglpép"’mbIe with the desired resolution bandwidth.
more likely to fall in the signal band in segment-interleaved systems.
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