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Abstract

An Ad hoc network with unicasting is considered,in which ead node hasan M elemert
antennaarray. Transmissionfrom nodel(i) to i is quasi-syntironous,sothat code acquisition
is not required. Space-Time(S-T) waveformsare transmitted with temporal dimensionNg
Nyquist samples. An adaptive, distributed S-T waveform design algorithm is deweloped,
which maintains QoSwhile attempting to minimize transmit power. The resulting Iterativ e
Minimum Mean-SquareError{Time Rewersalalgorithm (IMMSE-TR) setsthe transmit S-T
vector at nodei to the conjugatetime-reverseof the linear MMSE S-T detector. It is shovn
that IMMSE-TR correspndsto a noncaoperative gamewhich attempts to minimize transmit
power while paying an interferencetax. Simulation resultsare preserted demonstrating high
power e ciencies for heavily-loaded systems.
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In tro duction

We consideran Ad hoc network whereead node hasan array of M elemens and transmits
an Ng Nyquist samplelong waveform. Eadh nodei hasa singlelink (unicasting) destination
node I(i) 6 i, with i;1(i) 2 f1;2;:::;Ng. The optimization problem is to adaptively con-
struct the S-T transmit waveform g; 2 CMl[-\',S to maintain a constart SNR ( (QoS) while
minimizing the sumtransmit power Py, = iN:l jigiji2. The problemis an extensionof opti-
mal transmit/receive beamforming[1][Z[3] which hasbeenaddressedisingiterative MMSE
techniques. Iterative methods have also beenemployed for temporal-only signal adaptation
[4][5][6] and for S-T waveform designin uplink CDMA [7].

Syndronization (code acquisition) is a challenging problem in an Ad hoc network. In
cortrast to cellular topologies,power cortrol is infeasibleand hencethe near-fare ect greatly
hinders the code acquisition process. Here, we considera quasi-syntironous transmission
sdheme,in which node |(i) purposefully advancesits symbol transmissionby r;, y=¢ where
rij is the distance betweennodesi; j. QS operation eliminates the needfor code acquisi-
tion [8][9], and can be implemerted using network-wide timing/p ositioning available from a
combination of atomic clocks, GPS and cooperative radiolocation [10].

The IMMSE-TR algorithm is summarizedas follows: Node i usesthe LMS/RLS algo-
rithm to construct its linear MMSE S-T detectorw; 2 CMNs using a training sequencde.g.
embeddedin a RTS/CTS handshalke). The normalized transmit S-T vector g; is then set
to the conjugate time-reverse of w;, denoted by w;* as de ned in the sequel. The pro-
cessis iterated betweennodesi; I(i) until corvergence. It is shovn that IMMSE-TR then
correspndsto the power algorithm with g; the maximizing eigervector of an SNR-related
objective matrix. IMMSE-TR equivalertly correspndsto a noncaperative gamethat max-
imizes normalized SNR while minimizing an approximate measureof interferencebetween
nodes.

Space-Time Signals and Channels

A genericdirect-sequencdype spread-sgctrum systemis considered,in which the symbol
duration T is much longer than the multipath spread,and the systembandwidth is W =
PG=T, wherePG > 1 is the processinggain. The Nyquist sampling interval is then Tg =
T=(2PG). Further de ne Ng = T=Ts asthe number of samples/synbol. The transmit S-T
signal from nodei, ¢ 2 CMNs, is then de ned by

g = [g(Ns 1)7g(Ns 2)75:::60)T 1)

whereg;(n) 2 CM is the vector of inputs to the transmit array at Nyquist samplen. Symbols
b (m) are transmitted at a rate 1=T.

The S-T channel is represetted by a Nyquist sampledresponseH;; (p) 2 CM M, for
p=0;1:::;2Ns 1. Let H; represen the array responseat node i due to transmission
from j onthe -th multipath, whereril;j = rj; is the length of the direct path. Then H;; (p)
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is given by the interpolation formula, where transmit node j applies a timing advance of
ri.1)=csec.for QS operation.

H.: (p) = X H i S P I E (DR 5
ij (P) = ij SINC pPls ct T T (2)
=1

It is assumedthat the multipath spreadT,, = (ri';“jp rij)=csatises T, = LTs << NgTs as
in a typical spread-sgctrum system. Hence,the channel H;; y(p) is appraximately limited
to samplesp= f0;1;:::;L 1g. Howewer, receptionat i from nodesl 6 I(i) is asyndironous,
and the e ective channelthus hassupport p= f0;1;:::;2Ns  1g.

Given the channel model in (2) and the short multipath spreadassumption,the array
output vectorr;(n) 2 CM at nodei at time mNg+ k, fork = 0;1;:::;Ng 1is

K 1
ri(mNs + k) = Hiiiy(P gy (k- p) by (m)+ (3)
p=0
X X2 2% 1

Hi(Pa((k p)+ aNs)a(m g + ni(mNs + k),
16l (i) =0 p=0

wheren; (k) is circular white Gaussiannoisewith covariance matrix 1.
The S-T received signal is then r;(m) 2 CMNs dened by r;y(m) = [ri((m + 1)Ns
1)7;:::r(mNg)T]". This S-T vector can be written in vector-matrix form as

X X
ri(m) = HY i &b (m) + High(m g + ni(m). (4)
16 (i) G=0

The matricesHi, 2 CMNs MNs are block-Toeplitz, with subblack n; m (Matlab notation)
given by

Hi(n DM+ 1:nM;(m 1M+ 1:mM)=Hy(m n+ aNy).

IMMSE-TR  Algorithm

The IMMSE-TR algorithm attempts to minimize transmit power while maintaining QoS
(SNR). In terms of the unit-norm S-T linear detector wi, 2 CMNs, the SNR at node I(i) is

Wity Higyi i
Wf?i)Rl(i)(g 1)) Wiy

()

(i) =



wherethe multiaccessinterference(MAI) plus noisecovariancematrix isR (g i) 2 CMNs MNs,
de ned by
X X
Ri(g i) = H eg (HI) + 1. (6)
16l (i) 9=0
The gametheoretic notation ¢ ; indicates dependenceon all transmit vectorsg; for | 6 i.
The optimum linear S-T receiwer is MVDR, given in unnormalized form by wi =

Rl(il)Hm);igi. Using this solution in (; yields the following optimization problem.
X
Minimize jigij? @)
i=1
Subject to (88 1) = e HityiRii5 (g DHini& o

where  is the target SNR.

The optimization problem (7) is non-corvex, and a closed-formsolution for the power
minimizing ¢; doesnot exist [3]. Howeer, it is alsoshown in [3] that the IMMSE algorithm
for beamformingcan satisfy the necessarythough not su cien t) conditions for optimality.
The IMMSE beamformingmethod is extendedto S-T waveform designin Table 1. IMMSE-
TR hingeson the following de nition of time-reversematrices and vectors.

De nition 1 Time-Reversal:Let x 2 CMN pe a vector with N temporal subvetors x(n) 2
CM, henex = [X(N)"X(N)T:::x(1)"]". Thetime-reverses thenx" = [x(1)"x(2)" :::x(N)T]"
with subvetors x"(n) = x(N n+ 1)forn=1;:::;N.

Let A 2 CMN MN pp a matrix with temporal subblaks of dimensionM M, suchthat
(Matlab notation) A(n;m) A((n 1M :nM;(m 1)M : mM). The time-reversematrix
A" is de ned by the subblgksA"(n;m) = AN n+ LN m+1)fornm=1;:::;N.

The following properties of time-reversedsystemsare then readily derived.

Prop osition 1 Time-Reverse SystemRelations: Lety = Ax, whee y;x 2 CVNMN gre
composal of temporal subvetors y(n);x(n) 2 CM, and A is divided into temporal subblaks
A(n;m)2 CM M Then
y" = (Ax) = A"x". (8)
Let A;B 2 CMN MN po ST matrices with temporal subblaks A (n;m);B(n;m) 2
CM M The time-reverseof the product satis es (AB )" = A'B".

Let A 2 CMN MN with temporal subblaks A(n;m) 2 CM M pe invertible. Then
(A 1)r - (Ar) 1_

The next proposition de nes space-timechannel reciprocity.

Prop osition 2 Space-Time Channel Reciprocity: Let Hijgy 2 CNsM NsM represent the
space-time channel from transmit array (i) to receive array i. Nyquist samplen of the

S-T channelis denotal by H;;;,(n) 2 CM M for n= 0;:::;Ns 1. The temporal subblaks
of sizeM M arethengivenby Hi;iy(n;m) = Hyi(m n)2 C™ M for nym = 1;:::;Ns.
Assumespatial channelreciprocity, sothat Hi ) (p)" = Hig):i(p). ThenHJ, ;) = H{;;. That
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Forn=1;2;:::
For ead node i

m 1

While jigi(m+ 1) gi(m)jj >
Update normalized S-T MVDR detector at |
wim + 1) = Ri(g") *HiiqyGic(m)
wi(m+1)  wim+ Djwim + 1)j
g(m+1) w (m+1)
Transmit padket to node (i) {
Update node I(i) S-T detector.
wiy(m+ 1) = Ry (g") *Higigi(m + 1)
Wiy (m + 1) W&i)(m + 1)Fjwi;, (m + 1)jj
gn(m+ 1) wp(m+ 1)
m m+1l

End while

m; m

Update SVD approximation gi,= Si &  gi(m;)

Transmit estimated SNR iy(' P"g"; g";) from I(i) ! i

Update power Pin Pin 0= 1(i)

Next i
Next n

Table 1: IMMSE-TR adaptive space-timewaveform algorithm.

is, the transpseof the S-T black Toeplitz channelrespnseat nodei dueto I(i) is the time-
reverseof the respnseat I(i) to i. Note that this space-time reciprocity does not hold for
channelsH; , for j 6 I(i), dueto the QS time-advane rj,;)=c

The basicoperation ofIMMSE-TR is asfollows: On ead iteration n, nodesi = 1;2;:::;N
are updated sequetially. Eadh nodal update i is composedof IMMSE subiterations m.
Speci cally, at subiteration m+ 1, nodei computesits MMSE/MVDR S-T detectorw;(m+ 1)
basedon a training sequencdransmitted by node I(i). In practice, the MMSE S-T detec-
tor is updated using the LMS or RLS algorithm, howewer in the simulations in the sequel,
it is assumedthat the unnormalizedw?m + 1) takeson its optimum value w(m + 1) =
R; }(g")Hiioy&i(m). The transmit beamformeris then setto the conjugatetime-reverse,
g(m+ 1) = wi(m+ 1) . Nodei then transmits a training sequencebad to (i), which
computesits S-T detector w;i(m + 1), and resetsits transmit vector to g,;)(m + 1) =
wiy(m+ 1)" . The result of the subiterationsis characterizedby the following proposition.

Prop osition 3 The S-T transmit vector gij(m) convegesto the maximum eigenvetor of
the objective matrix

Gi= (R D" HieyiRiiyHis, (9)



Equivalently, lim,;  gij(m) solves

g"HityiRioy (g 1) "Hiig
g"Ri(g )" 9

Proof: From Table1, gi(m+ 1) = w{’ (m+ 1). Assumingexactcorvergenceof the LMS/RLS
MMSE algorithm, and using the rules for time-reversalin De nition 1 we then have g;(m +
=R, H"H ||(|)9|(|)(m) Howewer, from S-T channelreciprocity in Proposition 2, H.|(|)

HIH(I ;- Furthermore, g|I (m) = w)(m). Substituting for wgy(m) = |(|)HI(|>|9 (m) yields

the nal update for the transmit vector.

(10)

g = argmax
g

Gi(m+ 1= (R, O HifyR G Hii0 (m), (11)

where ¢ normalizesjjgi(m + 1)jj = 1. Following [3], eq. (11) correspnds to the power
algorithm, leadingasm ! 1 to the solution in egs. (9),(10).

The noncooperative game theory interpretation of IMMSE-TR is similar to [3]. The
utilit y function correspnding to Table 1 is

ui(gi;g") = (12)
(o (g )+ In g'H . RinE" ) Hone  In o' Ri(e")" &

where (x) is an arbitrary concave, cortinuous function with maximum at x = 0. The
IMMSE-TR algorithm at iteration n;i then correspndsto the noncwperative game g =
argmaxg, Ui(gi; ¢";). The utility u;() increaseswith normalized SNR (rst In term) and
decreasesvith increasinginterferenceto other nodes(secondln term { an interferencetax.)
The utilit y is maximized when the power P; = jjg;jj? is set so that the SNR constrairt is
met with equality ( ;) = o). The interferencetax canbe rewritten usingthe time-reversal
de nitions 1 and replacingw,’ by g, as

g Ry’ 9y~ X (13)
gr Hii o (@) (Hi)" g+ 1= joiTHiG wij+ 1.
16l (i) 16l (i)
If S-T channel reciprocity held for all nodesi; j, then lel = HIH,, and the interference

terms in (13) would indeed correspnd to the interferenceat node | causedby transmitter
i, jwlHigij% asin [3]. Unfortunately, S-T reciprocity only holds for node pairs i; I(i)
(De nition 2), henceeq. (13) is not part of a Total InterferenceFunction [3].

Simulation results demonstratedslon corvergencewhen g’ wassetto the unconstrained
IMMSE-TR solution (10). Furthermore, allowing g{ to be an arbitrary M Ng length complex
vector increasestransmitter complexity. The IMMSE-TR algorithm in Table 1 enforcesa
separableS-T solution g = s; &, where is the Kroneder product. The temporal
signatureis s; 2 CNs, with spatial signaturea; 2 CM. The separableS-T waveform is then
the solution to

s;a =arg min _jigi s ajj’ (14)
s2CNs;a2CM
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It is well known that the minimum norm solution (14) can be found using the SVD of the
matrix (Matlab notation)

Gi=[gi(1:M)gi(M +1:2M):::gi((Ns 1M + 1:NM)]".

The vectors s;; a; are then the left and right singular vectors of G; correspnding to the
largest singular value.

Results and Conclusions

Simulation results for IMMSE-TR are shawvn in Figures1, 2 and 3 for N = 10 nodeswith
M = 4 elemerts and a processinggain of PG = 7, or Ng = 14 Nyquist samplesper symbol.
Three ray channelsN, = 3 were chosenat all nodeswith a =2 rad. angular spread. The
temporal multipath duration was 2T sec. The power e ciency 0 lin Fig. 1listhe
ratio " = P3'=PR", whereP?" is the power required to maintain SNR ¢ in the absenceof
MAI. That is, P is

psU = 0 , (15)

H
max H 1(i);i H I(i);i

where nax(A) is the largest eigervalue of matrix A. Note that ax Hr('i);.Hm);i is the

maximum normalizedSNRonlink i ! [(i) in the absenceof MAI. Hence = 1whenMAI is
absen, sinceg/ is the maximum eigervector of H i,y ;Hiqy: from (9). The power e ciencies
are then seenin Fig. 1 to satisfy :8 at all nodes.

The nal temporal signaturess; and beamformersa; are shown in Figs. 2, 3 for this
scenario. The temporal signaturesare OFDM-lik e, but not pure sinusoids. As shown in
[11], the optimal S-T waveformsin the absenceof MAI are indeedseparable with temporal
signaturesgiven by sinusoids. Howewer, the SNR-maximizingtemporal waveformsfor the Ad
hoc network are not sinusoidal, even with the inclusion of a cyclic pre x, sincethe e ective
whitened channelmatrix Rl(il):2H|(i);i is no longerblock-Toeplitz. Neverthelessthe sinusoidal
nature of the s; suggestghat a more structured solution for the S-T waveformsmay exist.

The samescenarioasin Figs. 1 { 3 was consideredwith the processinggain increasedto
PG = 15. The resulting power e ciency is plotted in Fig. 4, which shows a slight increase
in overthe PG = 7 case,due to the reducedtemporal correlation achievable.

To summarize,a new iterative MMSE space-timewaveform designalgorithm was deel-
oped, which was shavn to correspnd to a noncaperative game. Quasi-syntironoustrans-
mission on the desiredlink was employed to minimize the code acquisition problem. The
resulting S-T waveformsg; maximize a similar utilit y function to that in the pure beamform-
ing case[3], with utilit y increasingwith normalizedSNR, and decreasingwith (approximate)
interferenceto other nodes. The QS channel model alters the direct relationship between
the interferencetax and Total InterferenceFunction in pure beamforming[3]. As a result,
the optimum solution for the g; via the Lagrangiandoesnot have the genericlMMSE form,
in cortrast to beamforming-only[3]. Newverthelesssimulation results shoved excellert power
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e ciencies in a scenariowith more nodesthan beamformingelemerts, due to the additional
degreesof freedoma orded by the temporal signature.
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Figure 1: Power e ciency for M = 4;Ng = 14,N = 10nodes.
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Figure 2: Temporal signaturesfor M = 4;Ng = 14.
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Figure 3: Spatial signaturesfor M = 4;Ng = 14.
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Figure 4: Power e ciency for M = 4;Ng = 30,N = 10 nodes.
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