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Abstract— Active Wireless Sensing (AWS) is motivated by F:f:':’;h
emerging advances in wireless technology and offers an alter- -
native and complementary approach to in-network processing Ot 2 0% 5 Sy
*
L]

for rapid and energy-efficient information retrieval in wireless
sensor networks. The basic architecture in AWS consists of:
i) a wireless information retriever (WIR), equipped with an
antenna array, that interrogates a select ensemble of wireless
sensors with space-time waveforms, ii) the sensors acting as
active scatterers — modulating the acquired waveforms with WIR R i A
their (possibly encoded) measured data — to generate a mul- .C .
tipath response to the WIR'’s interrogation signal, and iii) the ;
WIR retrieving the sensor data by exploiting the space-time
characteristics of the resulting multipath sensing channel. An
important feature of AWS is its flexibility in tailoring the
space-time interrogation waveforms, sensor encoding strategie
and associated processing of the received multipath signal
at the WIR for energy-efficient information retrieval. A key
mechanism for energy efficiency is distributed source-channel gcatterers and generate a multipath signal in response to
matching: generating a coherent response from sub-ensembles WIR’s interrogation signal. A key idea behind AWS is to

of sensors with highly correlated data, based on the spatial - . .
smoothness or correlation in the signal field or on the spatial Sgparatg multiple sensor responses bY resolving the mtldtlp'
scale of local cooperation in the network. In this paper, we will ~ Signals in angle and delay at a resolution commensurate with
discuss a family of source-channel matching protocols in AWS the spatio-temporal signal space (see Figs. 1 and 2). This is
and associated tradeoffs involving rate, reliability and energy facilitated by a virtual representation of wideband sptice-
consumption of information retrieval. wireless channels that we have developed in the past several
years [4], [5]. In particular, the virtual representatioelgls

a natural partitioning of sensor responses in angle-delay

Existing approaches to information extraction in a wire 4 provides a mathematical framework for studying fun-

less sensor network are heavily geared towards in-netwogg mental limits of information retrieval in AWS at different
processing where either the network as a whole obtains o temporal resolutions afforded by agile RF fromdeen
consistent estimate of desired information (e.g., fieladatyny reconfigurable antenna arrays [6]. Indeed, technalbgic
or some summary statistic), or the distributed informat®n o4y ances in agile RF front-ends provide another motivation
routed to a decision center via multi-hop routing (see,, €.9ror Active Wireless Sensing: WIR's equipped with agile RF
[1], [2]). However, in-network processing generally insur ansceivers could potentially enable rapid learning ofsse
excess delay and energy consumption due to the related tagkgy siructure at varying spatio-temporal resolutionsctSu

of information routing and cpordination betweep nod_es. IRIR's could also be integrated with strategically located
[3] we proposed an alternative approach — Active Wirelesgcess points for network state monitoring and control.
Sensing (AWS) — in which a wireless information retriever

(WIR) interrogates a select ensemble of sensor nodes for

Fig. 1. Active Wireless Sensing: basic communication archite.
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rapid and energy-efficient retrieval of desired informatio CE PN B G 2T ﬁ.
(see Fig. 1). AWS has two primary attributes: i) the sen-
sor nodes are relatively “dumb” in that they have limited VO] codemE K 22 L
computational power, and ii) the WIR is computationally roy, | Beam
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powerful, is equipped with a multi-antenna array, and -niti Matrix
ates the information retrieval by interrogating the nodés w A
wideband space-time waveforms. The basic concept of AWS . .
is inspired by an intimate connection with communication rv(M;1) >< Zm By
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over space-time multiple antenna (MIMO) wireless channels

in a multipath environment: sensor nodes act as active ) ) o o
Fig. 2. Computation of sufficient statistics at the WIR.



An important feature of AWS is its flexibility in tailoring represents the approximate dimension of the temporal Isigna
the space-time interrogation waveforms, sensor encodisgpace. Thus, the signal space of spatio-temporal inteforga
strategies, and associated processing of the received mwhveforms has dimensiod/N = MTW. Information
tipath signal at the WIR for energy-efficient information re-retrieval at the highest angle-delay resolution, as ekledr
trieval. A key mechanism for energy efficiency is distrililite later (see also [3]) constrain the bandwidth t9'Ad <
source-channel matching: generating a coherent resporide < 2f./M where f. is the carrier frequency is the
from sub-ensembles of sensors with highly correlated datspeed of wave propagation, aidl is the minimum distance
based on the spatial smoothness or correlation in the sig@tween the sensors. The above constraints also imply that
field or on the spatial scale of local cooperation in thef. > c¢M/2Ad. For example, for a sensor separation of
network. In this paper, we present a family of source-chenné\d = 1m, a WIR with M = 10 antennas uses a signaling
matching protocols in AWS and associated tradeoffs invohbandwidthiW > 300MHz, and a carrier frequency. on the
ing rate, reliability and energy consumption of informatio order of a few GHz.

retrieval. . . .
AWS is similar, in terms of the underlying physics, to theA' The Multipath Sensing Channel in AWS

concept of Imaging Sensor Nets that has been independently’Veé make the practically feasible assumption that the WIR
proposed recently [7], [8]. However, the basic underlyin nd the sensor nodes are carrier (frequency) synchronized
methodology in these works, inspired by radar imaginjm not phase synchronized. Furthermore, we assume that
principles, is quite different and focusses on sensor focd® Phase offset between each sensor and the WIR stays
ization and detection of spatially well-separated eve@ts: ~constant at least during two channel uses (each channel
emphasis, in contrast, is on high-rate sensor informatien rUS€ corresponds to the signaling duratiéh. The basic
trieval and we exploit connections with recent developmenfommunication protocol consists of the WIR transmitting
in space-time wireless communications theory. We belie#® Space-time signak(t) = [s1(¢), s1(1), ..., su ()] in
that these two related approaches provide complement#) intérrogation packet to initiate information retrievam
perspectives on information extraction in sensor network§l® Sensor ensemble. For simplicity, we consider a one-
and could be fruitfully cross-leveraged by exploring thelimensional uniform linear array (ULA) and assumé to
connections between wideband radar imaging and widebaR§ 0dd WLOG, and defind/ = (M — 1)/2. The array
wireless communications in the context of sensor network§t€ering/response vector for a ULA is given by

The next section reviews the basic space-time communi- a(f) = [eﬂ”M@ ) - 2mits T "
cation architecture in AWS and the computation of sufficient P
statistics at the WIR for sensor information retrieval. Inyhere the normalized anglé is related to the physical
Section Ill, we present a family of canonical sensing conangle of arrival/departure (see Fig. 1) a® = dsin(y)/\.
figurations representing different scales of correlatiothe Here d denotes the spacing between the antennas and
signal field. Section IV analyzes the performance of inforis the wavelength of propagation. The steering/response
mation retrieval at the highest spatio-temporal resofutla  vector represents the relative phases across antennas for
Section V, we discuss information retrieval with distriédt transmitting/receiving a beam in the directibnWe assume
source-channel matching and quantify the associated @ainshat the sensor ensemble projects a maximum angular spread
energy-efficiency. Section VI discusses the notion of sensi (180 degrees) at the WIR array ét= \/2 spacing; larger
capacity in AWS. In all sections, we present numerical resulispacings can be used for smaller angular spréads.
to illustrate the theory. The i-th sensor acquires a waveform,(t), that is a

[l. THE BASIC SPACE-TIME COMMUNICATION superposition of the transmitted signal [3]

ARCHITECTURE zi(t) = e % al (0;)s(t — ;) 2

Consider an ensemble &f sensors uniformly distributed whered, denotes the direction of theth sensor relative to
over a region of interest, as illustrated in Fig. 1. We firsthe WIR array (see Fig. 1); denotes the relative delay be-
outline the basic assumptions made in this work. We asween thei-th sensor and the WIR ang} denotes a random
sume that the WIR, equipped with al/-element array, relative phase between the WIR and thiéa sensor. The-th
is sufficiently far from the sensor ensemble, in the sameensor encodes its measurement;iand modulates; (t) by
plane, so that far-field assumptions apply. Furthermoeggth 3, and transmits it with energg after a fixed duration (same
exists a strong line of sight path between the WIR and eagbr all sensors) following the reception of the interrogati
sensor (no fading) and the difference in path loss betwegacket. We assume instantaneous retransmission from each
individual sensors and the WIR can be neglected due #ensor for simplicity. Thus, the transmitted signal frore th
the large distance between the WIR and the sensor fielgth sensor can be expressed as
The WIR interrogates the sensor ensemble by transmitting
wideband (spread-spectrum) signaling waveforfis, (¢)}, i (t) = B; Exi(t) = ﬁi\/?e_jd”aT(Hi)s(t —7) (3
from different antennas where easf (t) is of durationT’ M M
and (two-sided) bandwidthl’. Let N = T'W > 1 denote 1d = \/2sin(pmaz) Spacing results is a one-to-one mapping between
the time-bandwidth product of the signaling waveforms that € [—-0.5,0.5] and¢ € [—¢maz, Pmaz] C [-7/2,7/2].



where E[|3;]*] = 1 and [ E[|z;(t)|?]dt = M so thaty;(t) signal space. The virtual spatial matt®ly (¢) is unitarily

has energy¥. The received vector signal at the WIRt) = equivalent toH (¢) as

[r1(t),ra(t), - ,rar(t)]T, is a superposition of all sensor T " .
transmissions and by the principle of reciprocity it can be H(t)= AHv(t)A" — Hy(t) = ATH()A" (8)
expressed as and the virtual coefficients, representing the coupling be-

g K tween them-th transmit beam anch’-th receive beam are
r(t) = ‘/M > Bie % a(0;)a” (0;)s(t — 7;) + w(t) (4) given by
o Hy (', m;t)=a” (m'/M)H(t)a* (m/M)/M  (9)

where7; = 27; denotes the round-trip relative delay in the % )
response from thé" sensoraw(t) denotes an AWGN vector -M Z ig (91- _ m) g (01‘ . ﬁ)
process representing the noise at different WIR antennas. Le ~ M M
Tmae = Max; 7; and assume thahin; 7, = 0 WLOG. Using 5(t—7) (10)
(4), the effective system equation relating the receivexiore
: : ° ; : ~ Hy(m,m;t)dm—m (11)
signal at the WIR to the transmitted interrogation signal can m
be expressed as Hy(m,m;t) ~ M > aig® (Hi - *) o6(t —7;)(12)
_ M
8 2T maws 1€S50,m
_ — ! _ !/ /! .
rt) = V M/o H(t)s(t —t)dt +w(t) (5) where g(0) = ﬁ% is the Dirichlet sinc function
K that captures the interaction between the fixed virtual lseam
H(t) = ZOMW — #)a(0;)a” (6;) (6) and true sensor directions,, denotes the kronecker delta
i=1 function, and the last approximation follows from the vaiu

wherea; = 3;¢=7%:, and theM x M matrix H () represents path partitioning [4]:54,, = {i € {1,---, K} : —1/2M <
the impulse response for the space-time multipath chanrfél — m/M,S 1/2M} denqtes the s_et of.aII SENsors whose
underlying AWS. The delay spread of the channetis, angles lie in them-th spatial resolution bin of widtl\g =
and we assume that the signaling durations 27,.,. **1/M, centered around then-th beam. Thus, the virtual

Note that the system representation (5), even thougsrpatial_represen_tation partiti_ons th(_e sensors in angli; it
it relates the transmitted interrogation signglt) to the apProximately diagonal and its-th diagonal entry contains

received signal at the WIR, is independent of the powetpe superpositiop of all sensor responses that lie withén th
used for transmitting the interrogation packet. This iscse m-th beam of widthl /M. L .

after acquiring the signaling waveform in the interrogatio | 11'€ SENsor responses within each spatial beam can be
phase, each sensor retransmits it with energyd the factor further partitioned by resolving their delays with rescdpt

V€ /V'M reflects this normalization. Each transmission fronf>” = 1/W. Let L = [27q, W] be the largest normalized

the sensor ensemble of durati@hdefines a single channel relative delay. The diagonal entries of virtual spatial mxat
use for information retrieval can be further decomposed into virtual, uniformly spaced

delays as [5]
B. Sensor Localization Via Multipath Resolution I

The active sensing channel matrix (6) has exactly the Samg, (m, m;t) ~ Z Hy (m,m,0)5(t — /W) (13)
form as the impulse response of a physical multiple-antenna =0
(MIMO) multipath wireless channel where the sensor data K m
and phaseqa; = 3;e=7%} in the sensing channel corre-Hy (m,m, () = MZang (Qi - —) sinc(W7; —¢) (14)
spond to the complex path gains associated with scattering i=1 M
paths in a MIMO multipath channel [4], [5]. We leverage the
virtual representationof MIMO multipath channels that is
a unitarily equivalentrepresentation of the physical sensing ] .
channel matrix [4], [5]. A key property of the virtual chahne Where sinc(z) = sin(z)/mz captures the interaction be-
representation is that its coefficients represent a résalof ~ tWeen the fixed virtual and true sensor delays, ahd =
sensors in angle and delay (and Doppler in case of relativé : —1/2W <7 —¢/W < 1/2W} is the set of all sensors
motion, not considered in this paper) commensurate with twgho_se relative delays lie within thieth delay resolution bin
signal space parameteid and W (andT'), respectively. of width A7 = 1/W. _ _ N

The virtual representation in angle corresponds to beam- Thus, the angle-delay virtual representation partitiores t

Q

MY ag? (Gi - %) sinc(W7; — ¢) (15)

i€S6,mNSr. ¢

forming in M fixed virtual directions®d,, = m/M , m = SENSOr responses into distinct angle-delay resolutios: bin
—M,---, M. Define theM x M unitary (DFT) matrix the virtual coefficientHy (m,m,¢) is a superposition of
1 all sensor responses whose angles and delays lie in the

A= ——Ja(-M/M),...,1,...,a(M/M)] (7) intersection ofm-th spatial beam and-th delay ring (see

VM Fig. 1). For a given number of antennd$ and a given

whose columns are the normalized steering vectors for tminimum spacing between sensafsi, the bandwidthi?
virtual angles and form an orthonormal basis for the spati@ian be chosen sufficiently largé{ > ¢/Ad), in principle, so



that there is exactly one sensor in each angle-delay résolutis, (6;,7;) = (m/M,¢/W) for somem € {—M,..., M}
bin. In this highest-resolution case, we can define oneaw-oand{ € {0,...,L — 1}. In this casez,, , simplifies to
mappingsi(m, £) and (m(i), £(¢)) that associate each sensor

with a unique angle-delay resolution bin. It follows fronbj1 Zme = VMEBim.e)Yitm,e) + Wt (21)
that information retrieval from theé-th sensor amounts to where {wpm¢} are ii.d. Gaussian with variance?. Note

estimating the corresponding virtual angle-delay coeffiti that the factory/M reflects theM-fold array gain or the

_ _ _ beamforming gaind
hy(m, €)= Hf{gm;m’f) - Mﬁlfm’e)%aml) (16) While different temporal waveforms can be assigned to
Vigmey = € 77g7(0; —m/M)sinc(W7; — £)|i—itm,e) - different spatial beams in AWS, in the rest of the paper we

We note that above development emphasizes the virtufglcus on the attractive special case in which the same spread

coefficient that primarily carries information form the spectrum waveform(#) is transmitted on all spatial beams;

sensor resolved in then(i), £(i))-th angle-delay resolution that is, sy (m; 1) = c(t) for all m. We begin by assuming
bin. In general, there will be interference between theemenssumment angle-delay resolution so that each sensories |
responses as’elaborated next unique angle-delay resolution bin. We refer to the< ML

angle-delay resolution bins occupied by transmitting esens
C. Angle-Delay Sufficient Statistics to be “active”. All further analysis and results presented i

Wi q ibe the basi . ¢ th ) Eais paper assume that all the angle-delay bins are active i.

. el now ehscr\lNleRtf € basic procissmgﬁ_o_ the FECEVER — M L. The matched filter outputs corresponding tothe
signa r(t) at.t € WiR for computlng the su |c_|ent Stat'St.'CSth active sensor can then be uniquely labeled by the mapping
for information retrieval, as illustrated in Fig. 2. Define Cfori— 1. K. We can now express the

= A'sy(t) and ry(t) = Afr(t) where sy (1) Em@.e) - E TS T e b T W oXp
s(t) sv VY ; VA" matched filter outputs for active bins/sensors as
andry (t) are theM-dimensional transmitted and received
signals in the virtual spatial domain (beamspace). In our zi = VMEBA; +\/M525m,47k. + w; (22)
model, sy (t) represents the temporal codes acquired by the ki

sensors in different virtual spatial bins. Using (5), (8dan - . .
. ; . ) - _Wwhere v MERB;7; represents the desired signal component
(13), the system equation (ignoring the fixed delay in re the i-th sensor anddedis, k # i, represents the

transmission by the sensor nodes) that relates the recei .é%m . .
signal to the transmitted signal in the beamspace is interference due to the othéf — 1 active sensors (in other

distinct bins) where

L .
ry(t) =/ % > Hy(O)sy(t— /W) +wy(t) (17) Fig = €% (O —m(i)/M)sinc(W7, — £(i))  (23)
=0 and¥; = ¥;;. The matched filter outputéz; = 2z,,,s).¢(i)
where Hy (¢) represents the virtual spatial matrix corre<i = 1,---, K} represent the sufficient statistics for infor-

sponding to thel-th virtual delay andwy (t) represents mation retrieval at the WIR. Note that when the sensors are
a vector of independent temporal white AWGN processegeally placed at the center of the angle-delay bing, = 0
with PSDo?2. Eachsy (m;t), them-th component oy (¢t), for all k # i and |5;| = 1 i.e. each MF output contains
is a unit-energy pseudo-random waveform with bandwidthnly the corresponding sensor’'s data with no interference
W and durationT (e.g., a direct-sequence spread spectrurfsee (21)).
waveform), and we have Stacking the MF outputs in & = ML dimensional
vector, we have
(sv(mit — /W), sy(mst = /W)) = 0¢—¢ . (18)

K
VMETB+w=VMEY BT +w (24)

Thus, correlating eachry (m;t) with delay versions of z =

sy (m;t) yields the sufficient statistics for information re- s

trieval {z e :m=—-M,--- ,M;£=0,---,L}: I = [0y, ,Tk] = [Hi,] (25)
o = (v (mst), sy (mst — €/W)) (19) whereTI is the K x K coupling matrix that maps the sensor

T2r s data vector3 = [ ... k|7, to the angle-delay MF output
= / rv(m,t)st (m,t — £/W)dt . (20) vectorz andw is a complex AWGN vector with variance’.
0 The column vectol';, represents thangle-delay signature

Remark 1 (Ideal Case)in general, the matched-filter 9enerated by thé-th sensor at the WIR.
outputs in (20) include the desired response from the sensor ||| c ANONICAL SENSING CONFIGURATIONS
in the (m, £)-th angle-delay resolution bin as well as interfer-
ence from sensors in other resolution bins. Such interéeren
is virtually eliminated in the ideal situation when the sanss
positions coincide with the center of the resolution bihsitt

We now present a family of canonical sensing config-
urations in AWS that form the basis of this paper. For
simplicity, we consider coherent BPSK transmissions from
sensors{g; € {—1,+1}}, and the phasefp,} are assumed

2The cross-correlation is on the order BN = 1/TW and thus very KNOWN at the WIR. Phase estimation is possible if the phases
small for largeN. {¢;} are stable for at least two channel uses [3]. In this



case, each sensor data transmission consists of two packdét¥s | NFORMATION RETRIEVAL AT HIGHESTRESOLUTION

a training packet of +1’ for phase estimation at the WIR
followed by an information packet containing the infornoati

In this section, we describe the signal processing at
the WIR for information retrieval in the canonical sens-

bit. We note that non-coherent (on-off) signaling can aleo bing configurations in Section 11l at the highest angle-delay

employed in AWS [3].
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Fig. 3. lllustration of canonical sensing configurationsratximum angle-

delay resolution fork = ML = 9 x 12 = 108 active sensors. The active
sensors are partitioned @€ = K;,,qK.on- () Independent transmissions
from all sensors K;,q = 108) (b) K;,q = 9 independent sensor
transmissions withi ., = 12 sensors transmitting each independent bit.

In the canonical sensing configurations, the = ML
active sensors are partitioned info;,,; groups orspatial
coherence regions (SCR/spach group consisting oK.,
sensors so thak’ = K;, 4K .on, as illustrated in Fig. 3. We

resolution: each angle-delay resolution bin correspoiads t
a distinct sensor. We analyze the resulting probability of
error (P.) in retrieving theK,,4 bits of information in each
channel use. Since we hav€,,; independent data streams
each consisting of<.,, copies, we assume WLOG that the
first K..;,, MF outputs correspond to the first sensor group,
S1, the secondf<,,;, to group.S, and so on. Then, the vector
of MF outputs can be expressed as

z = [Z{> Zg, T 7ZYI;,;,”1]T
= VMETUB+w=VMEQB +w
Kina
= VMED  Big;+w (27)

i=1
where eachz; is a K., x 1 vector corresponding to the
sensors in theé-th group and

Q = FU == [qla q2a e 7innd] (28)
q, = Z Fk y 1= ]., ,K'Lnd ) (29)
kES;

assume that all theX.,, sensors in each group transmitWith @ being thek x K, matrix of effective angle-delay
the same bit, whereas the bits from distinct groups a@gnaturesthat maps the’,; independent bit streams i@

independent. That isg; = Bu for all i € S, where S,
is the " group of sensors in the" SCR and the different

to the K MF outputsz, andT';, being thek!* column of "
in (25).

Bur = 1,---, King are independent. Thus, for a givena angle-Delay Signature Matched Filtering

value of K;,,4, K;,q bits of information are retrieved in each

channel use, whereak,,; identical sensor measurements

from each SCR increase energy-efficiency. The above se
ing configurations are an idealized abstraction of coreelat
sensor measurements: all sensors within each group/S

have highly correlated measurements, whereas the sen

measurements in different regions are statistically iedep

Due to interference between angle-delay signatures of
different sensors in (27), it is well-known that the optimal

rﬁi_ detector of the independent bit vectBrhas exponential

CR"

plexity in K’ [9]. The simplest receiver structure simply
ignores the interference and match filters to the angleydela

signatures of different sensor8: = sign{Re(Q" z)}. The

.. . C e H
dent, corresponding to independent sensor measurementg;th component of the decision statistiés= Q™ z, can be

With the above partition of sensors, th€é-dimensional
sensor data vectags in (24) can be expressed as

[ B
B2 -
B8 = | |-ua (26)
| Ok
[k, O 0 B
0 1k, 0 B2
a : : 0 :
L 0 0 1KL"’}L /BKind

where1g_, is a column vector of size<.,, containing

all ‘1's representing the correlated transmissions from th

different sensors in a coherence group. The mélfixs a
K x K;,q matrix that maps théf;, ;-dimensional vector@,
of independent information bits to thi€-dimensional 3, of
sensor transmissions.

expressed as

Zi=VME(g,"q.)B+VME Y (a,"a))Bk+g."w
ﬁf—’ ki N
I;
(30)

where S; represents the desired signal from théh co-

herence region]; the interference term, and; the noise.
Using the Gaussian approximation for the interferedge
the probability of error for thei-th bit stream can be
characterized as [9]

P.(i)=Q ( QSINR(i))

where the Signal-to-Interference-and-Noise-Ratio (SINR
given by

(1)

-
SINRG) = BILR] + BV (32)

lg;lPo® + ME S, ., lai ail?



Note that under ideal conditiond;”’T, = 6,_,, the B. Linear MMSE Interference Suppression

interference term in (33) vanishes, and tRereduces to
2 . .. - .
sensor interference are critical for energy-efficient apjen

2ME K

Pe,ideal — Q ( 0_2 <Kznd)> - Q

(34)  in AWS. The low-power communication channel from the
which is the P, for a BPSK signaling system transmitting sensor network to the WIR is a multiple access channel
with K., times the individual sensor power and thé-  (MAC) and the different sensors are analogous to multi-
fold increase in the received SNR at the WIR is due t@je ysers simultaneously accessing the channel with dis-
array gain. The above formula reveals a basite-versus- tinct angle-delay signatures. Thus, a range of multiuser
reliability tradeoff mediated by transmission power in AWS getection techniques [9] can be leveraged. In particular,
at the highest resolutiomcrease in rate by increasinflina  |ow-complexity linear interference suppression techaegu
(multiplexing gain) comes at the cost of loss in reliabilitycgn yield competitive performance [9]. In this section, we
(SNR) due to a decrease ficon. describe a simple linear MMSE interference suppression

Two extreme cases of this tradeoff are illustrative. On ongxchnique [9], [10].
extreme is theKi,q = 1 < Kcn = K case, representing  The basic idea behind MMSE interference suppression
highly redundant/correlated sensing in which all sensorg to exploit the differences in the angle-delay signatures
transmit identical bit streams; that 8, = 5, for all i. Since  for different coherence groupdg;}. This is attained by
there is no interference, the corresponding error prolwbil gesigning a MMSE filter that jointly operates on all active
is given by MF outputsz. The filter operates on the MF outputs within
each channel use; no joint processing is done across time.

h_0 ( [20 ;Z-H?e) . Q( 2]\15{8) (35) Specifically, the detector at the WIR takes the form

As noted above, thé®., based on angle-delay signature
( matched filtering suffers from an error floor, especially at

% high values of K;,4. Thus, methods for mitigating inter-
ag

B = sign {Re (Lpmsez)} (39)

since ||q;||* = Zfil Zle ,7T; ~ K. This case repre- _ _ o
sents the low-rate extreme in which a single bit is retrieve®yhere thei,,; x K filter matrix Li,mse is given by
in each channel use, althoughfattimes the per-sensor SNR.

At the other extreme is th&;,,; = K + K., = 1 case
representing independent sensing where all sensors titansm
independent data streams; that s, = (3, for all i. This where R = Elzz"] = MEQQY + 21 is the correlation
case represents high-rate information retrieval and & ¢fta matrix of the MF outputs. In (40),R™* suppresses the
K bits are retrieved by the WIR during each channel usénterference corrupting each of MF outputs and the matrix

Lmse = argmin B[|Lz - B*) = Q"R™'  (40)

The probability of error can be expressed as Q" performs angle-delay signature matched filtering on
the resulting filtered MF outputs. The final decision is
2ME|T; |4 then formed as in (39). The” filtered statisticz;, i =
Pe=@Q H (36) 1,.... K4 can be expressed as
o2 Tl + ME ¥, [T, 2 v K P
= ./ Hp—1 2 / Hp—1 2
In the ideal case, if the sensor positions are exactly atigne % = VM&a;" R q;f + M(‘,’Zqi R q,,5
with the center of the angle-delay resolution bins, themethe ki P (41)
is no interference between sensors and Hes given by +q,"R"w

(34) with K., = 1
whereq,”” R™'q, represents the filtered desired signal and
Q( 2Mg> q,""R 'q,, the suppressed interferers. Using a Gaussian
P, =

(37) approximation for the interference [9], the. for the i-th
bit stream can be expressed as

o2

which is the P, of BPSK signaling overK parallel AWGN
channels each with SNRIE /o2, In general, the system is OME|q, R 1q,[?
interference-limited since th&, exhibits an error floor in  P.(i) = Q PN S YT e
o?llg;" Rl +M5k§‘|qi R q,
ey

the limit of high transmit SNR

(42)
PO 2|1 | _ (38) We note that the”, associated with MMSE filtering does not
‘ Zk# |I‘iHI‘k|2 suffer from error floors [9] as confirmed by the numerical

results presented in the next section. We note that the
Thus, in addition to a loss in received SNR in the ideal casepmputation of the MMSE filter can be done in a variety
the high-rate case also suffers from interference in géneraof ways, in practice [3].



C. Numerical Results plots correspond to the average performance over multiple
We now illustrate the performance of information retrievaf@ndom positions of the sensors within their respective,bin
at the highest resolution with numerical results. We caersid @nd theP. reflects the average performance across all active

a WIR equipped withM = 9 antennas which transmits a SENSors. Asi,q decreases, the required SNR for a given
single spread-spectrum waveform in all virtual spatiairhga 'S reduced due to an increase ... However, non-ideal

sy (m;t) = c(t) for all m, where a lengthV' = TW = 127 _detectlon (Fig. 4(a)) incurs a loss in SNR C(_)mpared to the
pseudo-random binary code is used #f). We assume that |d.eallcase a_nd also exh|b_|tsfa floor due to !nterference;
the transmission delays from the sensors to the WIR faf¥ith increasing K., the interference level increases and
within L = 12 delay bins, resulting in a total a¥/L = 108  hence the’, saturates at a larger value.

angle-delay resolution bins at the highest resolution. We Fig. 4(b) illustrates the performance with interference
also assume that all the bins are “active” with a uniqu€UPPression. As evident, AWS with mterfge_nce suppression
sensor associated with each bin. The sensors transmit théffivers remarkable performance and exhibits no errorgloor
information via BPSK symbols. For simulation purposes, wé! contrast to MF-based detection.

assume that perfect phase estimates are available at the WIP
In practice, we can estimate the pha$es}, as long at they
remain constant over two channel uses [3].

e Kind =108: Exp.
|| —o— Kind =108: Theory
e Kind =36: Exp
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(a) Fig. 5 compares the numerically estimated valuesPpf
(with interference suppression in Fig. 4(b)) with the cerre
sponding analytic expression in (42). The agreement igquit
good and the deviations can be attributed to the Gaussian
approximation of interference (also noted in [9]).

V. SOURCE-CHANNEL MATCHING: INFORMATION

ar . . RETRIEVAL THROUGHANGLE-DELAY FOCUSSING
e S o e es In information retrieval at maximum resolution each angle-
] 70 No-igealwith it Supp. g ] delay resolution bin is associated with a distinct sensor.
- & - Non-Ideal wio It Supp. | As a result, each sensor transmission is associated with a
=l —0- Non-Ideal with Int.Supp. . 4 . . .
O k1 el 5 distinct MF output,z;, i = 1,--- , K, in (27). On the other
) B il e | hand, in the canonical sensing configurations, afily,; <
R S K independent bits are transmitted ahd,, = K/K;na
sensors in each group transmit the same bit. These identical
(b) transmissions are coherently combined at the receiver via
! o ) matched filtering to the effective angle-delay signatujgs
Fig. 4. P. vs. SNR plots for an AWS system retrieving,, 4 bits per . 9 in th 9 y g hul_ﬁd |
channel use at maximum angle-delay resolution. (a) Withogrfierence ¢ = L.+, Kinq. However, in t e_ proce_ss_, e\_/e_n int e_' ea
suppression. (b) With MMSE interference suppression. case,K.,, MF outputs, along with their individual noises,

contribute to the decoding of the independent bit from each
The probability of errorP, as a function of the per- coherence group.
sensor transmit SNRy,.,, = £/c?, is shown in Fig. 4(a) The motivation for matched source-channel communica-
for different values ofK;,,. The ideal P, curves represent tion is to coordinate the transmissions from tkig,;, sensors
benchmarks in which the sensors are located at the centerilmfeach group so that, in effect, they a@herentlycombined
the bins to eliminate interference. All othé, (non-ideal) during communication over the channel and the combined



signal gets mapped to a single angle-delay resolution bifhe lower spatial resolution can be attained by reducing the
at the WIR. Viewed another way, matched source-channeérrier frequency by a factor af/.,,, whereas instead of
communication converts th& .., x K., parallel channels using time-reversal to align the sensor responses in tirre, w
between each coherence group and the WIR infg.g, x 1  could alternatively decrease the delay resolution by afact
coherent multiple access channel (MAC) through a form abf L., by decreasing the signaling bandwidth by a factor
distributedangle-delay focussinghe K sensor transmissions of L..p,.

are now naturally mapped té&;,, distinct active angle-

delay resolution bins at the WIR (as opposedifobins at s &
maximum resolution), and{.,; sensor transmissions fronr . - |- . ' HEES RO DR
. . 25 : . ° .
each group coherently contribute to each active MFoutp - . .- 1"~ - —————"— |- . . AN I
a 15 Z -osp” .. ~ -. : Z : .. L
s o ﬁiii**i*i* o 71.5_' : s . . * . —ov: = — :
. oL .7«;7f7#-7;77’”7 o ~ast, . . : .. B ;
Y oos EI A il _. : 4 .:: 435 05 15 25 35 45 55 65 75 85 65 105115 35 0.5 15 25
2 PR T SN e o % e Lt DELAY DELAY
Z 05 3 . ER ‘ . < - . .
-15 " i . . : R -05 : . (a) (b)
: SRR R P K Fig. 7. Alternative approach to achieving source-channeichiag (a)
P N O I S OO I R [ I T T B s B Active angle-delay resolution bins corresponding to a oc@ma sensing
-05 05 15 25 35 AFBESL‘;YGE 75 85 95 105115 -05 05 15 25 35 A5DE5L5A\55 75 85 95 105115 COangUI’atIOn,K — Kinchoh, at the hlghest resoluthn. (tﬁznd aCthe
(a) (b) angle-delay resolution bins created via reduced angl@ydelsolution.
Fig. 6. lllustration of source-channel matching. (a) Actamgle-delay

resolution bins at the WIR corresponding to a canonical sgnsion- The effective system equation for matched source-channel

figuration, K = K;nqKeon, at the highest resolution; all angle-delay COmmunication can be inferred from the system equation

resolution bins are active. (b) Active angle-delay resotutbins at the (27) at maximum resolution as
WIR corresponding to source-channel matching; oAly,; angle-delay

resolution bins are active at the WIR amoh sensor transmissions from 2 = [Zsc Ly Zse2s s Zse K, d]T
each group contribute coherently to each bin. ’ e yhin
=V MgQHQIB + Wy

The idea of matched source-channel communication is Kina
illustrated in Fig. 6. LetK;ng = MinaLling < Keon = = VME D Bivi+ we (43)
M_onLeon, SO that each coherence region with.,;, = 12 i=1
sensors corresponds tb.,, = 4 delay resolution bins \where the thek;,q x K;,q matrix
and M., = 3 angle resolution bins at the maximum
resolution, as illustrated in Fig. 6(a). Matched sourcarttel V=Q"Q=[v1,v2, vk, (44)

communication involves three key effects in each coherencrg resents the effective coupling between Hie, indepen-
group, as illustrated in Fig. 6(b): i) the angular resolntie P Pling d P

. i heg; i le-del uti i
reduced by a factohL,,, so that theM,,, angle resolution dent bits and thd<;,,; active angle-delay resolution bln_s at
S . . the WIR, and the{;,,4 x 1 vectors,w;, represent the effective
bins in Fig. 6(a) get mapped to a single angle resolution

S i oo S o angle-delay signatures associated with thh independent
bin in Fig. G(b)’ i) _the_sen_sor transm|s“s_|ons n ?'.St”i.‘?"h transmitted bit3;. Due to the coherent angle-delay focussing
delay resolution bins in Fig. 6(a) are “lined-up” in time so

that they lie in a single delay resolution bin as in Fig. 6(b)!n source-channel matching we have the following relation

. 2 “Vbetweermw,; andg,
and iii) the K., sensors in each group that now lie in a ‘ i

single angle-delay resolution bin in Fig. 6(b) transmit in a vill> = Keonllg;||* = K, (45)
phase-coherent fashion.

How do we realize the above three effects in practice twhere the approximations are exact in the ideal case. In the
realize a matched source-channel communication netwoldeal case, théd x 1 high-resolution signaturg; consists of
architecture? The first effect can be realized by reducieg trll zeros excepf.., ones in the coordinates corresponding
antenna spacings at the WIR by a factorMdf,, (M., = © thei-th group of sensors (and corresponding MF outputs).
3 in Fig. 6) [6]. This effectively results inM/M,,, = ©On the other hand, the “focussed’,q x 1 signaturev;
M,;,q distinct spatial beams, each withM,,;, times wider consists of all zeros except a non-zero entry of size,
beamwidth [6]. The second effect can be realized through the coordinate corresponding to tih group of sensors;
distributed time-reversal techniques [11] to line up the-se the increase in magnitude of the non-zero entry is due to
sor transmissions i..., delay resolution bins. The third the phase-coherent transmissions frém,, sensors in the
effect can be realized by applying distributed beamformingroup (see Fig. 6(b)).
a|gorithms [12] to make thé&(,,;, sensor transmissions from The receivers at the WIR for matched source-channel
each group, that lie in a single angle-delay resolution bifommunication can be designed using the system equa-
in Fig. 6(b), phase coherent. An alternative approach #on (43). In particular, the simplest receiver correspond
realizing the source-channel matching is illustrated i Fi  ing to angle-delay matched filtering is given by =



sign{Re (VHzSC>} and theP, ..(i) associated with the ‘
i-th bit can be estimated Vi8INR(i) as in (31) where TR
the expression foSINR(:) is given by (33) by replacing
{gq;} with {v;}. Similarly, the MMSE receiver is given by
B = sign {Re (Lqc.mmsezsc)} where thekK ¢ x Kip,q matrix
L. pmse IS given by

: 2 2 H 71 —-o- = . Max. Res.
Lsc,mmse = arg mlllnE[”LzSC - 18” ] =V Rsc (46) . +E:::::2:Z—C;atched \
- K, = 18: Max. Res. \ .

whereR,, = E|z,.z1T] = MEV VT 1+ 621. The P, of the | [y
MMSE receiver can be approximated again using the SINR ‘ O~ 5S-G Marched !
as in (42)) by replacindq,} with {v;} and R with R,.. [l K2 5 ahes i

The expression folP, in the ideal case provides a good P ansmitsNR °
reference to compare the performance of matched source-
chanr_1e| Communlcfatlon relative to information retrieval aFig. 9. Comparison of AWS performance at the maximum resolutiah an
the highest resolution that with source-channel matching. Non-ldg curves with interference

suppression.

2ME K \? IMEK?
Pe,sc,ideal = Q 5 ( ) = Q ( COh) .

o Kinag 02

(47) source channel matching provides a gain of approximately

Comparing the above equation with (34) we note that sourc%iﬁéfghgegzuggwpiﬁd ;;agftl);mssfdnﬁ fetr|(iva(ls a; the
channel matching affords an SNR gainif,;, compared to ) Pie, ind =

) . . . ; K., = 18, the P, curves are spaced by abol2dB. For
information retrieval at the highest resolution. . ]

a constantk, decreasingk;,q increasesK.,;, and hence
A. Numerical Results the gain due to source channel matching is even more

We now present numerical results to illustrate the perfoRronounced for smaller values f;,,q.
mance of information retrieval with source-channel matghi VI. SENSING CAPACITY
in AWS. The simulation set up is the same as in Sec. IV-C. '

Thus far we have analyzed the performance of AWS for
uncoded coherent BPSK transmissions from the sensors. In
this section, we discusses the notion of sensing capacity in
AWS that may be attained via coded transmissions from the
sensors. Furthermore, we address the following question:
g for a given per-sensor SNR, what is the optimal sensing
configuration (value ofK;,,) that maximizes the sensing
o8 i capacity? As we will see, the answer in the case of source-
SR, channel matching is surprising.

: ] For each canonical configuratiok;,; parallel channels

‘ ] are established between the sensor ensemble and the WIR.
: For any given configuration, the sensing capacity can be
o approximated by using the SINR per parallel channel

L
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Fig. 8. P. vs. SNR plots for an AWS sytem using source-channel matching T™w i—1
with K, 4 bits retrieved in each channel use.

where the factorll /(TW) reflects the fraction of temporal

The probability of errorP, as a function of the transmit dimensions used for establishing the parallel channels. Th
SNR (per sensor) for the source-channel matched configur@sove expression can be used for information retrievalet th
tion is shown in Fig. 8. Note that although tlie behavior highest resolution or with source-channel matching as well
is similar to that of the maximum resolution setup, the SNRs with or without interference suppression by plugging in
required to attain a desired, is substantially reduced due to the appropriate expression fSINR(7).
the K..;, SNR gain. Non-ideal detection again incurs a loss We are particularly interested in studying the impact of
in SNR and also exhibits &, floor due to interference as source-channel matching on sensing capacity. Thus, wefocu
was the case in Fig. 4. However the performance is near-ideai the ideal case to get insight so t8dNR — SNR and its
with interference suppression. the same for all parallel channels. Furthermore, the capaci

Fig. 9 illustrates the performance gains due to source&xpression in this case is exact rather than an approximatio
channel matching. Even in the practical (non-ideal) sdenar and corresponds to the capacity &f;,,; parallel AWGN



channels, each operating at the sag®R. In the case of
information retrieval at the highest resolution we have

LK, ME K
Cideal (Kind) = TWd 10g2 (1 + ? K, d) (49)

Fig. 10(b) plots the ideal sensing capacity as a function
of psen, for source-channel matching for different values of
K;nq. In this case, the capacity is not a monotonic function
of psen. At high SNR’s, theK;,,; = K configuration yields
the highest capacity, as before. However, at low SNR’s,

whereas in the case of source-channel matching we havethe K;,; = 1 configuration yields the highest capacity.

LK, ME [ K \°
Csc,ideal (Kznd) = d < )

w e |\ 1t e (o

(50)
which reflects an SNR gain oK.,;, per parallel channel
compared to maximum resolution information retrieval.
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Fig. 10. Ideal sensing capacity as a function of transmit SRIRspnsor for
different values ofK,, 4. (a) Information retrieval at maximum resolution.
(b) Information retrieval with source-channel matching.

From (49) we note that the ideal sensing capacity is
monotonic function of;,,; for information retrieval at the
highest resolution. This is illustrated in Fig. 10(a) where

Most importantly, at every,.,, there is an optimum sensing
configuration, K, (psen), that yields the highest capacity.
In particular, the configuration;,; = VK is a robust
choice whose capacity remains between the extreme cases of
King = K andK;,q = 1. In fact, the expression f@'s. ;dea
reveals a fundamentatultiplexing gain versus received SNR
tradeoff that we had also identified recently in the context
of MIMO communication over sparse multipath channels
[6]: increasing the multiplexing gaini{;,4) comes at the
cost of decreasing the received SNR per parallel channel,
pre = Mpsen(K/K;nq)?, and vice versa. The optimal
configuration at any,.,, optimizes this tradeoff to yield the
highest capacity. Using the results of [6], we can char&ter
the optimal configuration, for any operating.,,, as

\/MLK y  Psen < Plow = ﬁ
Ksc,opt(psen) ~ % » Psen € (plou”phigh)
K 5 Psen 2 phigh = M,

(51)

Fig. 10(b) also shows the capacity of an equivalent AWGN
channel with the total transmit SNR;otai = psen MK
reflecting the situation in which a single sensor (a fusion
node) transmits the data using the total power used by
the entire network of’ nodes. As evident, source-channel
matching affords the maximum multiplexing gain over the
AWGN capacity over the entire SNR range, reflecting the
K-fold distributed MIMO gain in source-channel matching.
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