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ABSTRACT z _F_nioilc: ______ IzcE()_dc_r _____
In a growing number of applications, there is a need to digitize a (po: mod A ! — [ Mod-ADC
sibly high) number of correlated signals whose spectral characterisy A1
are challenging for traditional analog-to-digital converters (ADCs). E:%

Spatiotemporal filtering
+

R-bit Quantizer 1 Integer-Forcing Decoding

amples, among others, include multiple-input multiple-output system~= _rrr,J— .::,’,"Hr Mod-ADC

where the ADCs must acquire at once several signals at a very wide | “_V____. ’
sparsely and dynamically occupied bandwidth supporting diverse s an Adaptive
vices. In such scenarios, the resolution requirements can be prohibitiv Algorithm

high. As an alternative, the recently propesed/o-4DC architec-

ture can in principle require dramatically fewer bits in the conversion toFig. 1. A schematic illustration of the proposed blind mod-ADCs.
obtain the target «delity, but requires that spatiotemporal information ne possible approach to put this notion into practice is to use the
be known and explicitly taken into account by the analog and digiF@Eently proposedudilo ADCs[10,11]. Amodulo ADC srstfolds each
processing in the converter, whi_ch_isfreguently impractical. Bgildingég}nme of the input process modulowhere is a design parameter,

our recent work, we address this limitation and devéloplaersion 414 only then quantizes the result using a traditional uniform quantizer.
of the architecture that requires no such knowledge in the converigfe modulo operation limits the dynamic range of the signal to be quan-
In particular, it features an automatic modulo-level adjustment ang &y which in turns results in a quantization error whose magnitude is
fully adaptive modulo-decoding mechanism, allowing it to asymptQfinhortional to |, rather than to the dynamic range of the original, un-
cally match the characteristics of the unkn_own input signal. Slmulat_qgmed signal. In [10] it is shown that the observed signal can be reliably
results demonstrate the successful operation of the proposed algoritfipyided, when the second-order statistics (SOSs) of the input signals are

Index Terms| ~ data conversion, blind signal processing, adapti¥@own, and is set proportionally to the prediction error standard de-

eltering, least-mean-squares algorithm. viation. More recently, a blind mechanism for a single modulo ADC was
roposed [12], which adapts the e€ective modulo size (analogously to an
L 1. _INTRODUFTI_ON . . ,FD)\GE): meclgan]ism in astalfdard ADC [13]) and learns tlge requgired gOSs

Inahost of applications in communication and signal processing thegg{fe input, while unwrapping the folded signal with the same reliability.
ofte_zn a need to digitize highly correlated analogslgnals,_where_z eachsigngh this work, we extend [12], and develdgad mechanism for
whichin generalln?ay be temporally correlated in itself, is fedintoa S%%Zzple modulo ADCs working in parallel. Using spatiotemporal cor-
rate analog-to-digital converter (ADC). One representative example ig|iftions of the observed signals, the proposed solution learns the inputs'
the context of @ massive multiple-input multiple-output channels [1{3]nderlying SOSs, adapts the e€ective modulo size, and for a given num-
where the number of antennas can be of the order of tens and even yah- bits, considerably decreases the mean square error (MSE) distor-

dreds, whereas the number of users (/independent sources) it Serygs, i the reconstruction of the input signals relative to standard ADCs.
moderate, making the signals received by the antennas highly correlated. 2> BRIEF REVIEW ON MODULO ADCS

Insuch scenarios, whenthe signals are (naively) acquired by standard
ADCs, there is a high degree of redundancy in the data. Naturally, #is a positive number 2 R™, we de*ne
redundancy can be exploited in many ways, depending on the processing Jx k
phase and the desired objective [4{8]. Particularly attractive is to utilize ~ [X] mod  , X — 2[0; ); 8x2R;
this redundancy as early as the acquisition phase, namely in the analog to . . .
digital conversion. By doing so, in principle, the signals could be digiti?@&he{ ] mod  operator, whergxc is the ,00r operation, which re-

at the same «delity using fewer bits, thus reducing power consumpti Dns the largest integer smaller than or equal &n R-hit modulo
which in general grows exponentially with the number of bits[9]. ~ ~DC Withresolution parametertermedR; ) mod-ADC, computes

R AT R .
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Algorithm 1: Oracle Spatiotemporal Modulo Unfolding Algorithm 2: Blind Spatiotemporal Modulo Unfolding

Boracken = OracleSTModunfold _ (yn; Vim: FRY['IG: ;i R) Bn; bR = BlindSTModUnfold  (Vn; 8y @ Opi niR)
1 Compute the Linear Minimum MSE (LMMSE) estimate of . Compute the linear estimatesef based off
Vn based om |, (denoting; as the alk vector) R 1
bh =&l 3 )
prMMSE;n =H th Vin + % %; (3) n n¥Ymn 5

whereH B, 2 R ¥P is the matrix «lter corresponding the 1 e . &
LMMSE predictor, computed basedf#iJ [‘]gand ; R , argmin max = log, a,Opax ; (8)
2 DenoteA =[a:1 ax]',and SolVelF decoding matrix] ’jjezt%: )&KO """ ¢
€ S
A , argmin o MAX %Iog2 a, pak ; (4) 3 Computew, =[y,, 1©h] mod 2%;
f‘jezt%: );0 """ ’ a __Compu"teBn 2 R¥ !andthe estimated prediction error,
where ;, (6) is computed based BRY [‘]g and ; b, &fwn mod 2R b R o
3 Computew uwwsen = [y, Bluusen] mod 27 8, bk+ 127 mod 2% %ZR) n- ni )

4 Computeg,, 2 R% *and the estimated prediction error,

5 Returnb, = bP + bR, bp.

k T R
On » @xWiwusen mod 2

p 1 .
g8 , Ok + 327 mod 2R %2R) Blumsen » A 8n; is the covariance matrix of the eefise.n » Vn Bfuwsen inoptimal
(5) linear prediction, aniol,,sc.., is deened in (3). Moreover, the LLL al-
5 ReturnBoracien = BPsen + Bwsen- gorithm [21] provides a sub-optirAalvith a complexit® (poly(K)).

Of course, in practice, devices such as ADCs usually operate un-
tively mild conditions, when the input (possibly high-dimensional) siggr dynamic conditions, giving rise to a wide range of possible inputs
nal is sufciently temporally- and/or spatially-predictable, e.g., a cowih unknown characteristics, and must still maintain proper operation.
lated random vector-process [10] or a deterministic bandlimited sigiterefore, a signiecant step towards implementing mod-ADCs for real-
[15,16], itis in fact possibleptafec:ly recover the unfolded sighfadbm life applications can be made by relaxing the (too restrictive) assumption
its past samples and its current folded sample via causal processingtfE®fRY [‘]g are all known. Building on our recent work, in which a sin-
More generally, considéparalle(R; ) mod-ADCswhose input gle blind mod-ADC was developed based on temporal correlations, the
signal€xX g, collected into a vector, 2 R¥ 1, are zero-mean jointly goal of this work is to take that important step for the general ¢@se of
stationary processes, with known autocorrelation fun€mihg] , parallel mod-ADCs, exploiting both temporal and spatial correlations.

E xbx), . 2 Rg. The output of thek mod-ADCs is then given by 3. PROBLEM FORMULATION

_ R K 1. + ConsiderK paralle(R; ) mod-ADC as described in the previous
Yn=[ Xn+zn] mod272R™ 5 802N section, with a «xed modulo range= 2R, but anadaptable, possi-
wherefzX  Unif(( 1;0])g, modeling the quantization noises, arebly time-varying resolution parameter, 2 R™. The mod-ADCs are
independent, identically distributed (i.i.d.) stochastic processes, angd@iévith the input signdx n , X (NTs)gno n+ » acquired by sampling
modulo is elementwise. Further, desne the unfolded quantized signahe analog, continuous-time signél) everyTs = f ! seconds. We
Vn . Xn+zn2RK 1 8n2N*: assume thaftxKg are zero-mean jointly stationary stochasti_c processes
with #nknown correlation functionfR}[“]g. The observed, distorted
and assume that the decoder has acdess tg;: ::;vn pg. Notice  signals at the output of thé mod-ADCs are given (in vector form) by
that oncev , is recovered,, is readily estimatedas = (vn + 3)= .
Thus, we focus on recoveringbased oy ., andv; , vec(V n) 2
RKP 1 wherd/n , [Vh 1 Vn pl 2 RK P, where, as before, the quantization noise prcﬁeﬁisse@nif(( 1;0])g
The algorithm proposed in [10] for recoveringvith high proba- ~ are i.i.d. Further, we rede<ne the unfolded quantized signal,
bility (w.h.p.) vv_herfvn -g°_, andfRY [‘]g are_knm_un, ht_are refe(red Vi . nXn+Zn 812N (10)
to asoracle spatiotemporal modulo unfolding, is given in Algorithm 1.
The key idea behind this method is that the modulo operation essentiaich, in general, is no longer stationary. Nonetheless, whenisver
becomes invertible (w.h.p.) when statistical properties of the original (ald xedy n can be regarded as stationary on the respective time period.
folded) signal and correlated measurements to the modulo-folded signafs explained above, the goal in this context is to estimate the input
are available, provided thats proportional to the standard deviation X n as accurately as possible based on the observed $gqgestdbe
of the innovation process. In Algorithm 1, unfolding of the coordinatesitput of the mod-ADCs using a causal system. Howevely siige
of v, is done by using spatiotemporal (causal) linear eltering, followgtwrely a scaled versior gicontaminated by white noise (10), the prob-
by integer-forcing (IF) decoding [17{20], which exploits spatial correlalem essentially boils down to recoveringand is stated as follows.
tions in the prediction error vector. In this regard, solving (4) generdoblem Statement:For a xed number of bits R, design
requires a complexity exponentidKinHowever, the optimal integer an adaptive mechanism for estimating fx»g from the mod-
matrixA needs to be computed only once for thefpay; g, where  ADCs' outputs with the lowest possible MSE distortion,  with-
" out prior knowledge on the correlation functions fRY[“]g.
The above is interpreted as designing an update mechanism for causally
maximizing the resolution parametgrwhile still allowing for reliable
With high probability for random signals, and to an arbitrary prediecovery of , fromfy . g, ,,, andalso design the recovery mechanism.
sion for deterministic bandlimited signals. As explained in Section 2, providegdis exactly recovered w.h.p.,

Yn=1[ nXn+2zn] mod2%; 8n 2 N*;

T 5, pK K
p » E eLR/IMSE;n eLpMMSE;n 2R (6)
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