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Power-Bandwidth Tradeoff in Dense
Multi-Antenna Relay Networks

Ozgiir OymanMember, IEEEand Arogyaswami J. Paulrafellow, IEEE

Abstract— We consider a dense fading multi-user network with
multiple active multi-antenna source-destination pair teminals
communicating simultaneously through a large common set of
K multi-antenna relay terminals in the full spatial multiple xing
mode. We use Shannon-theoretic tools to analyze the traddof
between energy efficiency and spectral efficiency (known ase
power-bandwidth tradeoff) in meaningful asymptotic regimes of
signal-to-noise ratio (SNR) and network size. We design lear
distributed multi-antenna relay beamforming (LDMRB) schemes
that exploit the spatial signature of multi-user interference and
characterize their power-bandwidth tradeoff under a systen-
wide power constraint on source and relay transmissions. Té
impact of multiple users, multiple relays and multiple antennas
on the key performance measures of the high and low SNR
regimes is investigated in order to shed new light on the poise
reduction in power and bandwidth requirements through the
usage of such practical relay cooperation techniques. Ouresults
indicate that point-to-point coded multi-user networks sipported
by distributed relay beamforming techniques yield enhancd
energy efficiency and spectral efficiency, and with appropate
signaling and sufficient antenna degrees of freedom, can aigve
asymptotically optimal power-bandwidth tradeoff with the best
possible (i.e., as in the cutset bound) energy scaling ok —*

communication theory and network theory. Such networks
are characterized by the large size of the network both in
terms of the number of nodes (i.elens¢ and in terms of
the geographical area the network covers. Furthermordy eac
terminal could be severely constrained by its computationa
and transmission/receiving power and/or scarcity of badtiw
resources. These constraints require an understandinfgeof t
performance limits of such networkaintly in terms of energy
efficiency and spectral efficienclhis paper applies tools from
information theory and statistics to evaluate the perforcea
limits of dense wireless networks focusing on the tradeoff
between energy efficiency and spectral efficiency; which is
also known as th@ower-bandwidth tradeaff

Relation to Previous Work. While the power-bandwidth
tradeoff characterizations of various point-to-point andlti-
user communication settings can be found in the literature,
previous work addressing the fundamental limits over large
adhoc wireless networks has focused either only on the gnerg
efficiency performance [1] or only on the spectral efficiency

and the best possible spectral efficiency slope at any SNR for Performance [2]-[6]. The analytical tools to study the powe

large number of relay terminals. Furthermore, our results help to
identify the role of interference cancellation capabilityat the relay
terminals on realizing the optimal power-bandwidth tradedf;
and show how relaying schemes that do not attempt to mitigate
multi-user interference, despite their optimal capacity saling
performance, could yield a poor power-bandwidth tradeoff.

Index Terms— Relay networks, dense networks, distributed
beamforming, power-bandwidth tradeoff, energy efficiency spec-
tral efficiency, scaling laws, fading channels, bursty sigaling,
spatial multiplexing, multiple antennas

I. INTRODUCTION

bandwidth tradeoff in the power-limited regime have been
previously developed in the context of point-to-point $#g
user communications [7]-[8], and were extended to mulérus
(point-to-multipoint and multipoint-to-point) setting8]-[12],

as well as to adhoc wireless networking examples of single-
relay channels [13]-[14], single-antenna relay networks] [
and linear multi-hop networks [16]-[17]. In the bandwidth-
limited regime, the necessary tools to perform the power-
bandwidth tradeoff analysis were developed by [9] in the
context of code-division multiple access (CDMA) systemd an
were later used by [18] and [19] to characterize fundamental
limits in multi-antenna channels [20]-[26] over pointyoint

The design of large-scale wireless distributed (adhoc) naind broadcast communication, respectively, and by [17] to
works poses a set of new challenges to information theosgudy the end-to-end performance of multi-hop routing tech
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'special case of a multi-antenna relay network (MRN) model.
In particular, we design low-complexity linear distribdte
multi-antenna relay beamforming (LDMRB) schemes that
take advantage of local channel state information (CSI) to
convey simultaneously multiple users’ signals to theieided
destinations and quantify enhancements in energy effigienc
and spectral efficiency achievable from such practicalyrela
cooperation schemes. We remark that some of the results to
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findings can be summarized as follows:
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« LDMRB is asymptotically optimalor any SNR in point-

to-point coded multi-user MRNSs. In particular, we prove

v N t
that with bursty signaling, much better energy scaling e .y
(K~! rather thankK ~'/2) is achievable with LDMRB B et hyg -

compared to previous work in [1] and we verify the
optimality of the K—! energy scaling by analyzing the
cutset upper bound [30] on the multi-user MRN spectral
efficiency in the limit of large number of relay termi-
nals. Furthermore, we show that LDMRB simultaneously
achieves the best possible spectral efficiency slope (i.e.,
as upper bounded by the cutset theorem) at any SNR.

« Interference cancellation capability at the relay ter-
minals plays a key role in achieving the optimal
power-bandwidth tradeoff. Our results demonstrate how
LDMRB schemes that do not attempt to mitigate multi-

user interference, despite their optimal capacity scaling Sl .
performance, could be energy inefficient; and yield a poor =Sy =
power-bandwidth tradeoff in the high SNR regime due to N N

the interference-limited nature of the multi-user MRN.

The rest of this paper is organized as follows. Section fig. 1. Multi-user MRN source-relay and relay-destinat@rannel models.
describes the multi-user MRN model and the power-bandwidth
tradeoff problem formulation. In Section 1ll, we derive an
upper-limit on the achievable power-bandwidth tradeofhigs subchannels each experiencing frequency-flat fading amd ha
the cut-set theorem [30]. We analyze the performance of MRRG the same Shannon capacity as the overall channel. The
for various LDMRB schemes in Section IV. Finally, we preserghannel model is depicted in Fg. 1. The discrete-time cempl

our numerical results in Section V and conclude in Section iPaseband input-output relation for td — Ry, link [ over
the first time-slot is given by

II. NETWORK MODEL AND DEFINITIONS L

General Assumptions.We assume that the MRN consists Tk = Z VEki Hiisi+ 0, k=12, K,
of K 4+ 2L terminals, with L active source-destination pairs =1

and K relay terminals located randomly and independently igherer;, € CY is the received vector signal &, Ej; € R
a domain of fixed area. We denote théh source terminal s the scalar energy normalization factor to account foh pat
by Si, thel-th destination terminal b¥;, wherel =1,..., L, |oss and shadowing in th§ — R;, link, H,; € CN*M s
and thek-th relay terminal byRy, k = 1,2, ..., K. The source the corresponding channel matrix independent across sourc
and destination terminalsS; } and{D, } are equipped with/  and relay terminals (i.e., independent acrdssnd /) and
antennas each, while each of the relay termifialsemploys consisting of i.i.d.CA’(0,1) entries,s; € CM is the spatio-
N transmit/receive antennas. We assume that there is a “de&@porally i.i.d. (i.e., assuming full spatial multiplexj [31]
zone” of non-zero radius around; } and{D;} [3], which is  for all multi-antenna transmissions; which implies thit
free of relay terminals and that no direct link exists betwegndependent spatial streams are sent simultaneously by eac
the source-destination pairs. The source termals only  j7-antenna source terminal) zero-mean circularly symmetric
interested in sending data to the destination termihdly em- complex Gaussian transmit signal vector 6 satisfying
ploying point-to-point coding techniques (without any peo- | [sis] = (Ps,/M) 1 (i.e. Ps, = E [||s]|?] is the average
ation across source-destination pairs) and the commumicatransmit power for source termina;), andn, € CV is
of all L source-destination pairs is supported through the samfig spatio-temporally white zero-mean circularly symietr
set of K relay terminals. As terminals can often not transmiomplex Gaussian noise vector 7., independent acrogs,
and receive at the same time, we consider time-divisiondasgith single-sided noise power spectral densiy.
(half duplex) relaying schemes for which transmissiongtak As part of LDMRB, each relay terminak,, linearly pro-
place in two hops over two separate time slots. In the first tigesses its received vector sigmalto produce the vector signal
slot, the relay terminals receive the signals transmittethf ¢, - c¥ (e, 3A, € CV*¥ such thatt, = Ayrk, Vk),
the source terminals. After processing the received ssgnajhich is then transmitted to the destination terminals der
the relay terminals simultaneously transmit their datah® tsecond time sidd. The destination terminaD; receives the
destination terminals during the second time slot.

Channel and Signal Model. Throughout the paper, 14— 3 signifies communication from terminad to terminal 5.
frequency-flat fading over the bandwidth of interest and per 2In the presence of linear beamforming at the relay termirthls source-

fectly synchronized transmission/reception between #re tdestination linksS; — Dy, I = 1,...,L can be viewed as a composite
interference channel30] where the properties of the resulting conditional

minals is assumed. In case of Trequency'seleCtiYe fad"_wannel distribution functiom({y; .} | {s1.m}) rely upon the choice of the
the channel can be decomposed into parallel non-intetaCtiMRB matrices{A;,} X .
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signal vectory; € CM expressed as the mappingC® — w,m € W, based on its received
% signaly;m = [Yi,m15 - Yim,Q |, Wherey, ., , € C is the
v, = Z /Fot Grite +21, 1=1,...L, received symbol at antenma of D; at timeq + 1, i.e., due
1 ’ ’ to communication over two hops, symbols transmitted by the

source terminals at timg are received by the destination

?erminals at timeg + 1. The error probability for then-th

spatial stream of thé-th source-destination pair is given by

.El.,m = ]P)(u}l,m()’l,m) 7£ wl.,m)' TheLM—tupIe of rateS{Rl,m}

is achievable if there exists a sequencé{@??.~} Q) codes

{Cq : Q =1,2,...} with vanishinge ., VI, Ym.
Power-Bandwidth Tradeoff Measures. We assume that

where F,; € R is the scalar energy normalization factor t
account for path loss and shadowing in tRg — D; link,
Gy, € CMxN is the corresponding channel matrix with i.i.d
CN(0,1) entries, independent acroésand/, andz; ¢ CM
is the spatio-temporally white circularly symmetric compl
Gaussian noise vector d?; with single-sided noise power

spectral densityNy. The transmit signal vectot, satisfies . , - -
the average power constraiEt[HtkH?] < Pg, (Pg, is the the network is supplied with fixed finite total powét over
average transmit power for relay termﬁak) " unconstrained bandwidtB. We define the network signal-to-

As already mentioned above, throughout the paper, the patRise ratio (SNR) for the, — Dy, [ =1, ..., L links as
loss and shadowing statistics are captured{ By ;} (for the p ZL Pe + ZK p
first hop) and{F;} (for the second hop). We assume that SNR petwork = — L=l k=1 Rk,
these parameters are random, i.i.d., strictly positivee (tu NoB 2NoB

the fact that the domain of interest has a fixed area, i'e‘edeQ\?S]ere the factor ofl /2 comes from the half duplex nature

ne;[jwork), pounded above (dﬁe to the d-ead zon_edreqfu_lremegla source and relay transmissions. Note that our definition o

22 d_r_ema::n constant over the entlc;(_a t'&‘e Ifef”g_ 0 'Etereﬁtetwork SNR captures power consumption at the relay as well
itionally, we assume an ergodic block fading channgls s rce terminals ensuring a fair performance comparison

mode_l such that the channe_l matr'C@.H’“vl} a”‘?' (Gt} between distributed relaying and direct transmissionssiife
remain constant over the entire duration of a time slot a fy notation, from now on we refer t8NRyepwor asSNR
] networ .

change |nhan ||r]1dep_enderg;ash|or:1 across time S,|°t‘T" F"mﬂy Due to the statistical symmetry of their channel distribo$,

assume that there is no CSI at the source termifilf, each o o101 for equal power allocation among the source and

relay terminalR; has perfect knowledge of its local forwardrelay terminals and sePs, = Ps. VI and Pr. = Pr., Vk

and backward channel$ i, G, }i-, and{E.i, Hi}iZy, The multi-user MRN with desired sum rat® —

respectively, and the destination termin&B,;} have perfect ZL ZM Ry, (the union of the set of achievable rate LM-
=1 m=1 T

knowledge of all channel variabl8s. : . .
Channel Coding Framework. For any block lengthQ), tuples {Rl_,m}_de_fmes the capacity region) _must respect the
R fundamental limitR/B < C (E}/Ny), whereC is the Shannon
a ({2@fm | = 1,.,L,m = 1,..,M},Q) code Cq . . . B
) . . . < capacity (ergodic mutual informatiar) (in bits/second/Hertz
is defined such thatR;,, is the rate of communication . . -
. ' .. "or b/s/Hz), which we will also refer as the spectral efficignc
over the m-th spatial stream of thé-th source-destination . . : ; .
) . X . o and E,/N, is the energy per information bit normalized
pair. In this setting, all multi-antenna transmissions &yp :
full spatial multiplexing and horizontal encoding/deaungli by background noise spectral level, expressedgsy =
P P 9 9 ?N R/C(SNR)[. There exists a tradeoff between the efficiency

[:.31]' T?e S%JrceQ%odebook for the_ mult user MRN (OmeasuresEb/NO and C (known as the power-bandwidth
size >, 1 > g 2% codewords) is determined by the : o :
“1=1 Lom= tradeoff) in achieving a given target data rate. Whier 1,
encoding functions{¢; ,,,} that map each message ,, € . - o
ORI : ' the system operates in thgower-limited regimgi.e., the

Wim = {1,...,29"%m} of §; to a transmit codeword; ,,, = . . . . P

’ 0 : o bandwidth is large and the main concern is the limitation
[St,m,1, s Si,m,@ ] € C¥, wheres; ,, , € Cis the transmitted

svmbol from antennan of S at fime o — 1 (corre- on power. Similarly, the case df > 1 corresponds to the
ymbo ot imeg = 1,...,Q bandwidth-limited regimeTightly framing achievable perfor-
sponding to then-th spatial stream aof;). Under the two-hop

. . mance, particular emphasis in our power-bandwidth tréddeof
relaying protocol,QQ symbols are transmitted over each ho%nalysis is placed on the regions of low and higgy No.

for each of theLM spatial streams. For the reception of the . L
m-th spatial stream of source-destination phimdestination syls_toeerEvl:/i/ é\é OEre/gjl\fme.rengllirr](IeTjg ioEb{: é\mg;‘ Z;;hpe)orgiltri]\gurgte
terminal D; employs a decoding functio to perform . ) b/ Y0
1 employ g Wi.m 10 P reliably, we have(Ey/No)min = min SNR/C(SNR), over all
3Under a general frequency-selective block-fading charmetel, our SNR > 0. In most of the scenarios we will consider, / Ny
assumptions imply that each relay terminal transmits theespower over is minimized whenSNR is low. This regime of operation

all frequency subchannels and fading blocks (equal powecalon), while ; ; A ;
it should be noted that the availability of channel stateiimfation at the is referred as thewideband regimen which the SPECtraI

relays allows for designing relay power allocation strategcross frequency €fficiency C is near zero. We consider the first-order behavior

subchannels and fading blocks. However, as the results]ah@gw, optimal of C as a function ofEb/N0 in the wideband regime (i,e,,

power allocation at the relay terminals does not enhancedpacity scaling

achieved by equal power allocation, and therefore our agytnpesults on the

power-bandwidth tradeoff and the related scaling lawsHerenergy efficiency ~ We emphasize that due to the ergodicity assumption on theneha

and spectral efficiency measures would remain the same wpdieral power statistics, a Shannon capacity exists (this is obtainedvieyaging the total

allocation at the relays. mutual information between the source and destination iteds over the
4As we shall show in Section IV, the CSI knowledge at the dasitin  Statistics of the channel processes) for the multi-user MRN

terminals is not required for our results to hold in the astotip regime 6The use of” andC avoids assigning the same symbol to spectral efficiency

where the number of relays tends to infinity. functions of SNR and E, / No.
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Y Y

SNR — 0) by analyzing the affine function (in decibeE)

R1
By oy _ B C v SN/
10log;q i (C) = 101logyq Nows + S—OlOlog10 2+ 0(C), Wl s, v N N D, |-
where S, denotes the “wideband” slope of spectral efficiency M
in b/s/Hz/(3 dB) at the pointEs/ No)min,
. C(x2) s Relay and
So=, lim ot 1010gy 2. torminas destinaton
Nig‘l,Nigrnin 10 0810 N, — 10 0810 No min cooperate cooperate
It can be shown that [7]
. 2
B e - 2[eenRr) v v A
— = lim = , and Sp= lim ————=" w— S
Nomin  SNR—0 C'(SNR) SNR—0  —(C/(SNR)
@) M

whereC andC' denote the first and second order derivatives
of C(SNR) (evaluated in nats/s/Hz).

High E, /N, regime:In the high SNR regime (i.eSNR —
), the dependence betweéh /N, andC can be character- Fig. 2. lllustration of the broadcast cut over the MRN.
ized as [9]

101log ﬂ(c) = il()log 2 1- Best-case power-bandwidth tradeoff at Idy/ No:
10 NO Soo 10 - best o :
Eb _b — ni . d best = LM
- 10 loglO(C) + 1010g10 Eimp + 0(1), NO min KNE [Ek,l] +o (K) an SO )
where S, denotes the “high SNR” slope of the spectrak- Best-case power-bandwidth tradeoff at high/ No:
efficiency in b/s/Hz/(3 dB) B, best B LM . 1 . LM
C(2) Nowp 2KNE[Er,]  C\K) % 7= =7

Soo

By, 1010g10@1010g102 Proof: Separating th indls,} from th f
Zh o0 o : Separating the source termingl§;} from the rest o

— lim SNRC(SNR) ) the network using a broadcast cut (see Eig. 2)! and applying
SNR—00 the cut-set theorem (Theorem 14.10.1 of [30]), it followatth
and (Ey/No)imp is the E,/ Ny improvement factor with re- the spectral efficiency of the multi-user MRN can be upper
spect to a single-user single-antenna unfaded AWGN referefpounded as

channdl and it is expressed as 1
o €< Bt [3 T b e

C(SNR
= lim |SNRexp (— ( )>} . (3 .
Noimp ~ SNR—oc Soo where the facton /2 results from the fact that data is trans-
1. UPPERLIMIT ON MRN POWER-BANDWIDTH mitted over two time slots. Observing that in our network

TRADEOFF model {s;} — {rx} — {tx} — {y:} forms a Markov chain,
plying the chain rule of mutual information [30] and using
e fact that conditioning reduces entropy, we extend theeup
bound to

In this section, we derive an upper-limit on the achievab
energy efficiency and spectral efficiency performance dver t
MRN, which will be key in the next section for establishingth
asymptotic optimality of the MRN power-bandwidth tradeoff C<Em, [l[(sl, oy SLITI, _uer)} )
under LDMRB schemes. Based on the cut-set upper bound L2
on network spectral efficiency, we now establish that the b&Recalling that{s;} are circularly symmetric complex Gaussian
possible energy scaling over a dense MRNKis! at all SNRs  with E [SszH] = (Ps/M)1,;, we have
and best possible spectral efficiency slopes &ye= LM at

low SNR andS., = LM /2 at high SNR. It is clear that no C<Egm,, [llogg (ILM I Ps @‘)} , (B
capacity-suboptimal scheme (e.g., LDMRB) can yield a bette L2 M No B
power-bandwidth tradeoff. where® € CLM*LM s of the form
Theorem 1.In the limit of large K, E} /Ny can almost surely Agr 0 A
be lower bounded by ® = : : ,

E 92C(LM)™" 1 LM 1 A, - A

=) > to(=). @ L1 L,L

No 2C KNE|[E,] K

with matricesA; ; € CM*M given by

7 w(x) = o(v(x)), x — L stands forlim,_, . wz) _ g, K

v(2)
8For the AWGN channelC(SNR) = In(1 4+ SNR) resulting inSp = 2, A= Z \/EkyiEkyij}{in’j, 1=1,.,L,5=1,..,L
(Ep/No)min =In2, Seo =1 and (Ep/No)imp = 1. k=1
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Now, applying Jensen’s inequality tl (5) it follows that as the estimate fos; ,,, wheres, , denotes the transmitted
L K signal from theg-th antenna of sourc&,, p=1,2,.... L, g =
C < M Zlogg 14 Ps N ZE’” ' 1,2,..., M, andhy, , is the g-th column ofHy ,. Following
2= MNoB = ™ this operationR;, sets the average energy (conditional on the

channel realization§Ey. ;, Hy ; } =) of each estimate to unity

and obtains the normalized estimat€s , .. Finally, R, passes

the normalized estimates through Oﬁtput linear-beamfogmi
olumn) vectorsv ; ., € CV (which are designed to exploit

By our assumption thaf £ ;} are bounded, it follows that
{var(E),;)} are also boundedk, ViI. Hence the Kolmogorov
condition is satisfied and we can use Theorem 1.8.D of [3

to obtain the knowledge of the forward CSIF},;, G} ) to produce
oo K K H R H
E E E[E its transmit signal vector
Z Var( k,l) <00 s Z k,l . Z [ k,l] wply ()
k2 K K L M
k=1 k=1 k=1 VPR Vk,p,q .U
. . ty = LM ZZ Sk,p,q>
resulting in (based on Theorem 1.7 of [32]) 1 g=1 [Vipall
C< LM1 ] PsKNE|[Ey,] K 6 concurrently ensuring that the transmit power constrasnt i
= 0g2 | 1+ M N, B o(K) (®) satisfied. Hence under LDMRB, it follows that the-th

as K — oo. Since our application of the cut-set theorerr(1alement of the signal vectqy, received aD, is given by

through the broa_ldcast cut leads to perfect relay-des])irmat_i B K v/ FriPr LM 8hlom Vipq ~U
(i.e. R, — D) links, relays do not consume any transmit Yi.m = Z LM ZZ Vi pql Skp.q T 2m,
power and hence we sétx = 0 yielding SNR = C£> = k=1 p=lg=1 w

L Ps/(2N,B). Substituting this relation int¢16), we can showvheregy, ,, ; is theg-th row of G, ,.. We list the input and out-
@). Expressing the upper bound Grgiven in [8) in terms of put linear relay beamforming matricé®,. };—, and{V;};_,
SNR and applying[(IL)£(8), we complete the proof. o based on the MF, ZF and L-MMSE algorithims in Table 1.
Here, the row vectony ., € CV is the ((I — 1)M + m)-th
IV. MRN POWER-BANDWIDTH TRADEOFF WITH row of U, € CH*Y and the column vectovy, ; ,, € CV is

PRACTICAL LDMRB TECHNIQUES the (1 — 1)M + m)-th column of V, € CV*EM,
Spectral Efficiency vs. E,/Ny. The following theorem

In this section, we present practical (but suboptimal) . ijes our main result on the power-bandwidth tradeoff in
LDMRB schemes such that each relay transmit vetjorE ddense MRNs with practical LDMRB schemes
e

CV is a linear transformation of the corresponding receiv
vectorr, € CV. These LDMRB schemes differ in the WayTheorem 2: The asymptotic power-bandwidth tradeoff for
they fight multi-stream interference (arising due to simult dense MRNs under LDMRB schemes, as the number of relay
neous transmission of multiple spatial streams from mieltipterminals tends to infinity, can be characterized as foltows
source-destination pairs) and background Gaussian niise: Low E,/N, regime. In the limit of large X', MRN power-

The matched filter (MF) algorithmitigates noise but ignores bandwidth tradeoff for LDMRB schemes under MF, ZF and L-

multi-stream _mterferencel.) The zero-forcing (ZF) algorlthm MMSE algorithms almost surely converges to the deterniinist
cancels multi-stream interference completely (requirig> relationship

LM), but amplifies noiseiii) The linear minimum mean-
square error (L-MMSE) algorithms the best tradeoff for E, L3M3 22C(LM)~' _ 1 1
interference and noise mitigation [31], [34]. The LDMRB No (©) = \/ 02K C2 to <\/—§)’ @)
. 1

schemes based on the ZF and L-MMSE algorithms have an
interference mitigation advantage over the MF-based sehewhere ©1 = E [\/Er 1 Fx 1 Xk1mYr1m| and fading-
in that they can exploit the differences in the spatial sigres dependent random variablesy, ; ,,, and Yy ;,,,, (independent
of the interfering spatial streams to enhance the qualithef acrossk) follow the I'(V) probability distribution p(v) =
estimates on the desired spatial stream. (vN~te™)/(N —1)! for the MF and L-MMSE algorithms and

LDMRB Schemes.Each relay terminal exploits its knowl- I'(N — LM +1) distribution for the ZF algorithm. All LDMRB
edge of the local backward C3|Ek_’l7Hk_’l}lL:1 to perform schemes achieve the minimum energy per bit at a finite spectra
input linear-beamforming operations on its received dignéfficiency given by* ~ 1.15 LM and consequently

vector to obtain estimates for each of th&/ transmitted spa- LDMRB

. . . . . Ey 297LM 1

tial streams. Accordingly, terminak;, correlates its received N ~ K +o|l— ], K —>00. (8)
signal vectorr;, with each of the beamforming (row) vectors 0 min 1 VE

g ,m € CV to yield 84 1 m = up,1m, rx Such that High E,/N, regime.In the limit of large X', MRN power-
bandwidth tradeoff for LDMRB schemes under ZF and L-
MMSE algorithms almost surely converges to the deternignist
+ Z Ek,p uk,l,mhk,p,q Sp,q + Ug,i,m Nk, relationShip

(p,9)#(l,m) -1

E, 22C(LM)™" 1.\ 2 1

() = e e (VO + VI — 1.
9 wpl, denotes convergence with probabilit(also known as almost sure Ng (©) 2C K ©3 2+ to K

convergence) [33]. (9)

Sklm = Eyouk i mbiims,m
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Channel Description MF ZF L-MMSE
{(SHE, SR VBT HE ]
Vil i He= : Uy =H{! | Uy = (HIH,)'Hf' | Uy = (X081 4+ Hf Hy) ~'HY!
VEeL H |
R DL vV Fr1 G
- _Eiéksl}lzl LGy = : Vi =G | Vi = GI(GGE)™" | Vi = GF (MNeBT 1 G,Gf) !
vV Fr,r Gi,L
Table 1. Practical LDMRB Schemes for multi-user MRNs.
where @2 = E [(Fk,le,l,m)/(Ek,lyk,l,m)]a @3 = where
E [w/Fk,le,l,m and fading-dependent random variables
Xpim and Yi,,, (independent acrossk) follow the dy o = Pr Fie1 Xr.1.m . (13)
(N — LM + 1) probability distribution. This power- ' L2 M2 (& 4 (Ek,lyk,L,m)—1>
bandwidth tradeoff leads to M NoB
E), 2P L—-MMSE LM —\2 1 and 71,1, denotes then-th element of the vectofi,; =
Noimp T 2Ke? ( V02 + LM) tolx (Er,)/*Di,n; and fading-dependent random variables
LM Xk1m and Yy, follow the T'(N — LM + 1) probability
ZF ,L—-MMSE __ L, . o . . .
Sco = 9 K — oo. (10) gistribution. The matrice§Dy, ; } are obtained by lettin', =

i T H —1pH
The MRN operates in the interference-limited regime underHes - Hip |, and setingF) = (Fi/F;)"'F[,
MF-LDMRB and CMF converges to a fixed constant (whicf/Nich leads to

scales likelog(K)) as E,/Ng — oo; leading to SMF = 0. - Df“’l
Proof: In the presence of full spatial multiplexing and horizon- o D: ’
k,L

tal encoding/decoding as discussed in Section Il, eachaspat
stream at the destination terminals is decoded with no attenjyhere eachD,; € CM*N. As a result, the ZF-LDMRB

to exploit the knowledge of the codebooks of thé/ — 1 scheme decouples the effective channels between source-
interfering streams (i.e., independent decoding); anteéts Jestination pairs{S; — D;}l, into LM parallel spatial

this interference is treated as Gaussian noise. Conseéguerhannels. Froni{12)=(13), we COmp&kR, ,,, as given in[(IH).

the spectral efficiency of multi-user MRN can be expressed @& shall now continue our analysis by investigating the low

1 LM and highE;, /N, regimes separately:
CMEN = = NN " Eqm,,.q, logo (1+ SR, (11)  Low Ey/No regime: If SNR < 1, then SIRY;, in (I4)
25 simplifies to [I5). Under the assumption th@f);} and

whereSIR, ,,, is the received signal—to—interference—plus—nois{eFk-,l} are positive and bounded, we obtain
ratio (SIR) corresponding to spatial strean),, at terminal K iy v K o
D;. The rest of the proof involves the analysis of low and high Z VB Fet X mYitm Z 21 wpa,
E,/ Ny asymptotic behavior of (11) as a function 8IR, ., P K o K

in the limit of large K for LDMRB schemes under the MF,
ZF and L-MMSE algorithms. Here we present the detall

as K — oo, yielding (based on Theorems 1.8.D and 1.7 in

power-bandwidth tradeoff analysis for the ZF-based and M >2))
based LDMRB schemes in the high and Idw/N, regimes. 7F w1, Ps Pr  K?
The LDMRB performance under the L-MMSE algorithm is SIR; m *25 NoB No B L2 M3 O1 + o(K). (16)

identical to that of the ZF algorithm in the high, / vy regime

and to that of the MF algorithm in the lov, /Ny regime. Letting § = Pr/Ps, we find that SIR-maximizing power

allocation (for fixed SNR) is achieved withg* = L/K

A. Proof for the ZF-LDMRB Scheme: resulting in (forSNR <« 1)
It is easy to show that (see [35]) for the ZF-LDMRB 9
scheme, the signal received at theth antenna of destination g|RZF  we1, SNR? ( K65 + o(K)) ’ (17)
terminal D; corresponding to spatial stream,, is given by " L33
K K ZF  wpn. LM , [ K©2
Yim = Z diim | Si,m + Z diei.m N tm + Zims (12)
k=1 k=1 (18)
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_1 -1
PSK2 % ZkKZI \/PRFklekwlvm <L2M2 <ID_]\‘4S + (Ek’lj\/}/#) )>

SIRYY, = — (14)
MN,B <1 + K LYK PrFryXeim (L2M2 (%Yk,hm + NOB)) >
Ps Pr K2 (1 & ’
SIRF = —5 R — Bt Fro1XnimYoim 15
l,m N()B N()B 72 M3 K ; \/ kAL kJIAKL, k,l, ( )

SubstitutingSNR = CEb into (I8) and solving for , we as the MF estimate fos; ,,,. After normalizing the average
obtain the result n“[ﬂ?) The rest of the proof foIIows froneth energy of the MF estimates (conditional on the channel real-

strict convexity of(22C(LM> 1)/C%in C for all C > 0. izations{Ey, Hk,l}lzl) to unity, the matched filter output is
High E,/N, regime: If SNR > 1, then SIRIZEl in (I4) given by [21). Next, the relay termin@l, pre-matches its for-
simplifies to 7 ward channels to ensure that the intended signal components
9 add coherently at their corresponding destination tertgjna
PsK? <% ZkK:I WR?S}(%:’}“’") while s_atis_fying its transmit power constraint, to produle
SIRZE — _ transmit signal vector
T MNB (14K £ 0 phpee ) L
_ e ty = E Z 8k.p.q  UMF
It follows from Theorem 1.8.D in [32] that a& — oo L o lgk.p.qll P9’
Z FraXeim = 92 ypa, 0. whereg;, ,, ; is theg-th row of Gy, and it follows that
K ExiYiim = K
ylMF Zq/FklPRZnglmgkpqAUMF+Zlm'
XK: VFe 1 Xk 0m Z O3 w1, m o ol Sk,p.q ,
K o K , @
We shall now continue our analysis by investigating low and
Now applying Theorem 1.7 in [32], we obtain high E;,/ N, regimes separately:
K202 Low E,/Ny regime: Assuming that the system operates in
SIRYY, "2ty — + o(K). the power-limited low SNR YNR < 1) regime, the noise
NoB (LPZ + %@2) power dominates over the signal and interference powers for

the received signals at the relay and destination terminals
Consequently, the loss in the signal-to-interferencesploise
ratio at each destination antenna due to the MF-based telays
incapability of interference cancellation is negligibldence,

Letting 8 = Pg/Ps, the SIR-maximizing power allocation
(for fixed SNR) is achieved withg* = /L3M/(K?©,)
resulting in GNR > 1)

SIRZF wor 2IKSNR 03 + o(K) (19) in the low E,/N, regime, the expression for the received
LM 2 : signal at the destination under MF relaying [n](22) can be
(V ©2+ v LM) simplified as
Now substituting [(I9) into[(11), we obtain Z \/mnh i | .
ylm M N.B klLm|||18k,L,m||Sl,m T Zl,m-
C2F wea, LM log 2IESNR Sk + o(K)
2 2 LM (\/9—2+ \/W)Q " Inthis setting SIRMY over each stream is given Hy {23), where
Xi1m and Yy 1 m follow the T'(IV) distribution (note that the

distribution Oka,z.,m andYy, ;. ., is different from the ZF case).
Observing the similarity of the expression [n123) fol(15k t
rest of the proof is identical to the low;, /N, analysis of the
B. Proof for the MF-LDMRB Scheme: ZF-LDMRB scheme. We apply the same steps as in the proof
When the MF-LDMRB scheme is employed, termirfdl  of (I7) to obtain (forSNR <« 1)
correlates its received signal vecigr with each of the spatial

Applying (2)-(3) to C?Y in (20), we obtain the hight, /N
power-bandwidth tradeoff relationships [0 {10).

2
signature vectory, ; ,, (m-th column ofHy ;) to yield S|RMF wply,  GNR2 (gf/[ls + o(K)) ’ (24)
~ 2
Setm = VEw [Mepmll” stm ME .. LM , [ KO2
" " C D. —log2 1+ SNR 53 to(K) ) ),
+ Z V Ekp hk,l,mhkypyq Sp,q T hk,l,m ng, L*M

(p.@)#(l,m) (25)
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omr VB kil sum + 30 0 20m) VEkp D Bep.g Spg + i, 0

Sklm — 2P = = 5 (21)
\/Ek-,l Bk m ™ 57 + 20,0 20m) Beo By mbkpal 57 4 B mlI” NoB
Ps Prn K2 [1 & ’
SIRMF — & _R — ErtFreaXetm Yetm 23
bm = NoB NoB L2MP \ K I;\/ 1l o, 1 X ke 1,m Y 1, (23)
which finally leads to the result ifl(7). Interpretation of Theorem 2. The key results in[(17)[(19)

High E,/N, regime: Due to the tedious nature of theand [24) give a complete picture in terms of how LDMRB
analysis of the MF-LDMRB scheme in the high SNR regimémpacts the SIR statistics at the destination terminal énldkv
here we shall only provide a non-rigorous argument to juand highE, /N, regimes. We emphasize that the conclusions
tify why this scheme leads to interference-limited networkelated to MF-LDMRB in the lowFE}; /N, regime and those
behavior. Assuming that the system operates in the higdlated to ZF-LDMRB in the highE,/N, regime apply
SNR regime §NR > 1), the signal and interference powerdor the L-MMSE algorithm (L-MMSE converges to ZF as
dominate over the noise power for the received signals at thtNR — oo and to MF asSNR — 0), and therefore our
relays and destination. Due to the fact that > Ny B, the analysis has provided insights for the energy efficiency and
majority of the transmitted signal at the relay terminals ispectral efficiency of all three (MF, ZF and L-MMSE) diffeten
composed of signal and interference components and thierefloDMRB schemes. We make the following observations:
the amplification of noise at the relays due to linear prdogss Remark 1:We observe from[{17),[{19) and_(24) that
contributes negligibly to the SIR at the destination for a8IR,;,, scaleslinearly in the number of relay terminaldy,
multiplexed streams. Thus at high SNR, the spectral effayienproviding higher energy efficien@J. We emphasize that the

of the MRN under MF-LDMRB is of the form linear scaling ofSIR;,, in the number of relay terminals
LM Pr lsig K, is maintained independent &N\R (i.e., valid for both
CMF = Z—E |log, (1 + - noisc)] : low and high SNR). This can be interpreted distributed

2 Prfijm + NoB fi, energy efficiency gainsince it is realized without requiring

where the SIR of each streaBIRMY, is determined by the any cooperation among the relay terminals.

l,m?

positive-valued functiong™ , fint and fnoise, which specify Remark 2:The SIR scaling results il (17). (19) arld(24)
the dependence of the powers of the signal, interference &Y€ Peen key toward proving the scaling resultsiiNy
noise components, respectively, (for the stream) on the set 9Ven by B)'@z-mo_“r asymptotic analysis shows thaf No

of MRN channel realizationg Ey, ;, Fy.;, Hy;, Gy }. Since reduces likei in the low E; /N, regime for _LDMRB

Pr > NyB, the signal and interference powers dominate tHgder the MF, ZF and L-MMSE algorithms and lik€™" in
power due to additive noise at each destination. Furthexmoi® high £/ No regime for the ZF and L-MMSE algorithms.
since the signal and interference components grow at the sapfus, ZF and L-MMSE algorithms achlewﬂw.nal energy
rate with respect t&NR, as SNR — oo, the SIR of each Scaling(in K) for high Ej, /N (the fact thatid " is the best-
stream will no longer be proportional ®NR (which is not possible energy scaling was established in _Theorem 1 based o
true for ZF and L-MMSE LDMRB due to their ability to the_ cut-set upper bound). Furthermore, gnllke MF, the s_spbct
suppress interference) resultingimerference-limitednesand ~ efficiency of the ZF and L-MMSE algorithms grows without
the convergence oEM¥ to a fixed limit independent BNR. bound with E;,/N, due to their interference cancellation

Fixing K to be large but finite and lettingNR — oo, we capability and achieves thaptimal high-SNR slopéas in the
have cutset bound) ofS.,, = LM /2. In the high E,/Ny regime,

MF Theorem 2 shows that for fixel’, the growth of SNR does
lim & lim SNiR not lead to an increase in spectral efficiency for MF-LDMRB,;
SNR—oc No SNR—o0 CMF(SNR) and the spectral efficiency saturates to a fixed value (frdm [6
_ lim SNR - 0, we know that this fixed spectral efficiency value scales like
SNR—oo constant log,(K)), leading toS.c = 0 and a poor power-bandwidth
and consequentlg}¥ = 0. On the other hand, for fixe$NR, tradeoff due to the interference-limited network behavior
from the capacity scaling analysis of MF-LDMRB in [6], we Remark 3:We observe from the almost sure convergence
know that results in[(117),[(19) and(24) on the SIR statistics that LOBAR
LM schemes realizeooperative diversity gairi36]-[37] arising
M = N logy (K) + 0 (logy(K)), K — oo, from the deterministic scaling behavior ®R, ,,, in K. Hence

since the signal power grows faster than the interferentthe limit of infinite number of relays, a Shannon capacity
power ask — oo. Thus while the optimal spectral efficiency€XiSts even for an MRN under the slow fading (non-ergodic)
scaling is maintained by MF-LDMRB, the energy efficiency 10The fact thatSIR; ,,, scales linearly ink for MF-LDMRB in the high

Performance becomes poor due to relays’ inability to SUFBI€, /N, regime has not been treated rigorously in this paper, aléétanalysis
interference. | of this case can be found in [6].
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channel model [38] and thus our asymptotic results are valiénominator)
without the ergodicity assumption on the channel stafistic

2
This phenomenon of "relay ergodization” can be interpreted PsK? (% ZkK:1 /%)
as a form of statistical averaging (over the spatial dirrmmsi5|RlZF,bursty _ °
created due to the assistance of multiple relay terminhgs) t " aM NyB (1 + KL ZkKﬂ %)
- - k0 Xk, l,m

ensures the convergence of the SIR statistics to a detestioini _ _ _
scaling behavior even if the fading processes affecting tRé in the highk), /N, regime and the network spectral effi-
individual relays are not ergodic. Even more importanthg t Ciency is computed as
deterministic scaling behavior also suggests that the tdck L M
CSI knowledge at the destination terminals does not degrade CZF.bursty _ & ZZE [10g2 (1 4 5|RZFaburSW)} .

. .. e e . . 2 l,m
performance in the limit of infinite number of relay termigsal =1 i=1

Remark 4:Finally, we observe that all LDMRB schemesence, the results of Theorem 2 il (9) can immediately be
achieve the highest energy efficiency at a finite spectral gfppjied, with slight modifications, resulting in the power-
ficiency. In other words, the most efficient power utilizatio 5ndwidth tradeoff relation

under LDMRB is achieved at &inite bandwidthand there

2
is no power-bandwidth tradeofibove a certain bandwidth. B, 92C(aL M)~ (\/@2 + \/LM) 1
Additional bandwidth requires more power. A similar obser- F(C) = 2C(ald) ] o2 +o (E)
vation was made in [39] and [40] in the context of Gaussian = ° (aLM) 3 27)

parallel relay networks. The cause of this phenomenon senoir, o energy efficiency and spectral efficiency performance ca

amplification, which significantly degrades performancleat . ., antified by applvind12143) t6 127) vieldin
SNRs when the MRN becomes noise-limited. We find that g y applyind12)3) to.(27) y g

the ZF algorithm performs worse than the MF and L-MMSE  Ep “F-P"s LM 2 1
. . . L — — | V VLM —
algorithms in the lowE} /Ny regime because of its inherent Ny, 2K®§( Oz + ) to K
inability of noise suppression (the loss in SIR experienogd aLM
the ZF algorithm in the lowZ, /N, regime can be explained 9

from our analysis; we have seen thé} ; ,,, andYy ;..,, follow A . .-

A 2" o s a result, we have shown that with sufficient amount of
thEF(N) dlstrlb_u'uon at |OWE’7./NO for the MF and L'MMS.E burstiness, theptimal energy scalingf K —* can be achieved
algorithms, while these fading-dependent random vamablg;, \he 7F (as well as L-MMSE) LDMRB schenfés while
follow thell“(N - LM+ 1) distribution fc?r the ZF algor-lthm). the high SNR spectral efficiency slope scales down by the duty

Bursty signaling in the low SNR regime.One solution t0 ¢y cle factora. Thus,burstiness trades off spectral efficiency
the problem of noise amplification in the low SNR regimgy higher energy efficiencyWe remark that our result es-
is bursty tran_smlssmn [41]. For the duty cycle paramet%bnshes theasymptotic optimality of LDMRB schemiesthe
a € [0,1], this means that the sources and relays transrai{nse that with proper signaling they can alternately aehie
only « fraction of time over which they consume total powefhe pest possible (i.e., as in the cutset bound) energyesftiyi
P/a and remain S|Ient. otherwise; and hence sausfymg t%%aling or the best possible spectral efficiency sligeany
average power const_ramts. The result of b_ursty tra_nscrnssgNR We also emphasize that our results proving that the
is t_hat the network is forced to operate in _the high S_Nanergy scaling ofk—! is achievable with LDMRB schemes
regime at the expense of lower spectral efficiency. This i§hances the result of previous work in [1], where the asthor

achieved, for instance under the ZF-LDMRB scheme, througRowed under an equivalent two-hop relay network model that
the adjustment of signal burstiness by choosing the dutiecygnear relaying can only yield the energy scalingfof /2.
parameter: small enough so that the condition

SEOF,bursty ’ K = oo.

V. NUMERICAL RESULTS

The goal of this section is to support the conclusions of our
theoretical analysis with numerical results. For the folly
is satisfied, which ensures that the linear beamforming ogxamples, we seky.;/(NoB) = F;/(NoB) = 0dB.
erations at the relay terminals are performed under highExample 1: SIR Statistics. We consider an MRN with
SNR conditions and thus the detrimental impact of noise = 2, M = 1 and N = 2 and analyze (based on
amplification on energy efficiency is minimizB#Wwith such Monte Carlo simulations) the SIR statistics for the LDMRB
bursty signaling, even thougbNR < 1, the SIR for each scheme based on the ZF algorithm and compare with the
stream in[(T4) simplifies to (note the additiomaterm in the performance under direct transmissions. Direct transariss
implies that the assistance from the relay terminals is not
1This implies that for block lengti®, the number of symbol transmissions possible (i.e KX = 0), necessitating the two source terminals to

is given byQuursty = L@@ and that for strictly positiver that satisfied(26), transmit simultaneously over a common time and frequency

as@ — oo, it is also true thatQy,,,sty — 0o, provided thatQ) grows much

faster thank (since the growth of{ necessitates the choice of a smaller 12The only necessary condition to achieve this optimal enepling is

o under [26)). Thus the degrees of freedom (per codeword)ssane to that N > LM is satisfied so that the system does not become interference-
cope with fading and additive noise are maintained and tten®n capacity limited at high SNR, which for instance would also apply toiagke-user
(ergodic mutual information) is achievable. single-antenna relay network (whefe= M = N = 1) under MF-LDMRB.

a< I?}in —_ (26)
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Fig. 4. CDF of normalized SIR (with respect to its median eam for
Fig. 3. CDF of SIR for direct transmission and (distributetfj-LDMRB Zlg-LDMRB for K — 1. 64 atSNR(: 20 d]g ) pee

for various values of” at SNR = 20 dB.

resource to their intended destination terminals withdet tscaling results given by (8)-(1L0) in Theorem 2. Furthermore
availability of relay interference cancellation mechamés For we note the huge improvement in SIR with respect to direct
direct transmission, we assume that two source terminaleshtransmissions due to increased interference cancellatipa-

the total fixed average powe? equally (since there are nobility of the relay-assisted wireless network.

relay terminals involved, and there is a single time-slat fo To illustrate the rate of convergence on the per-stream SIR
transmission) and thus we havg = P/2 and the network statistics with respect to the growing number of relays, we
SNR is again given bgNR = P / ( NoB). In this setting, the plot in Fig.[4 the normalized SIR CDFs (normalization is
communication takes place over a fading interference aslanperformed by scaling the set of SIR realizations by its media
[30] with single-user decoders at the destination ternsinafor the ZF-LDMRB scheme under the same assumptions for
Note that the direct transmission does not suffer from th€ = 1,64. While the CDF of normalized per-stream SIR is
1/2 capacity penalty that the LDMRB scheme incurs undeightening with increasind(, we observe that the convergence
the half-duplex two-hop transmission protocol. The channete is slow and therefore we conclude that a large number of
distributions for the direct transmissions over the sourceelay terminals (i.e., larg&) is necessary to extract full merits
destination links are assumed to be identical to those dwer bf cooperative diversity gains.

MRN source-relay and relay-destination links (i.idV'(0,1) Example 2: MRN Power-Bandwidth Tradeoff. We con-
statistics over all links). For fair comparison with LDMRBsider an MRN withK = 10, L = 2, M = 1 and N = 2
schemes, no transmit CSI is considered at the transmittarsl numerically compute (based on Monte Carlo simulations)
while the receivers possess perfect CSI. Denoting the tvethe average (i.e. ergodic) rates for the upper-limit based o
channel gain (including path loss, shadowing and fadingje cutset bound, practical LDMRB schemes using MF, ZF
between source € {1, 2} and destinatiory € {1,2} by & ;, and L-MMSE algorithms and direct transmission. We then use
the SIR for the stream corresponding to source-destingadn these average rates to compute spectral efficiency andyenerg

J under direct transmission is efficiency quantified byC = R/B and E,/Ny = SNR/C,
_ €528 respectively, and repeat this process for various valu&&f
SIRJ™ = — =L 2 e (1,2}, # j. to empirically obtain the power-bandwidth tradeoff curee f

NoB + |§m‘|2§ each scheme. We plot our numerical power-bandwidth tréideof
We setSNR = 20 dB and plot the cumulative distribution results in Fig[b.

function (CDF) of SIR for direct transmission and for the Our analytical results if {8J=(10) supported with the nuimer
LDMRB scheme based on the ZF algorithm, and varyingal results in Fig. 5 show that practical LDMRB schemes could
K =1,2,4,8,16 in Fig.[3. As predicted by (19), we observeyield significant power and bandwidth savings over direct
that the mean of SIR for LDMRB increases BydB for transmissions. We observe that a significant portion of #te s
every doubling ofi” due to the energy efficiency improvemenof energy efficiency and spectral efficiency pairs within the
proportional in the number of relay terminals. This verifiesutset outer bound (that is infeasible with direct transiois)
our analytical results in[(17) and_{119) indicating that thi&s covered by practical LDMRB schemes. As our analytical
SIR of each multiplexed stream scales linearlyAhunder results suggest, we see that the spectral efficiency of ZF and
ZF-LDMRB. We emphasize that these SIR scaling resultsMMSE LDMRB grows without bound withE, /Ny due to
have been key toward proving thié—1/2 (at low SNR) and the interference cancellation capability of these scheames
K~! (at high SNR) scaling results of, /N, and therefore achieves the same high SNR slope as the cutset upper limit.
this simulation result also serves toward verifying ourrgge Furthermore, this numerical exercise verifies our findireg th
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Fig. 6. Power-bandwidth tradeoff for the ZF-LDMRB schemal@mnbursty
transmission for duty cycle parameters= 0.02,0.1,0.5, 1.

the highE}, / Ny regime, the spectral efficiency of MF-LDMRB
saturates to a fixed value leading to poor energy efficiency,
In Fig.[d, we plot power-bandwidth tradeoff under the Z
LDMRB scheme (settingd =10, L =2, M =1, N = 2) for
duty cycle parameter values of = 0.02,0.1,0.5, 1. Clearly,

we find that in the lower spectral efficiency (and hence lower

SNR) regime, it is desirable to increase the level of burstine

by reducing thex parameter in order to achieve higher energy

efficiency.
Example 3: Enhancements from Multiple Antennas.
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Fig. 7. MRN power-bandwidth tradeoff for the L-MMSE LDMRB lseme
with varying number of antennas at the source-destinatan(p/) and relay
terminals (V).

energy efficiency (through the downward shift of the power-
bandwidth tradeoff curve) while multiple antennas at the
source-destination pairs improve spectral efficiencyofiigh

the improvement in the wideband slope and high SNR slope
of the power-bandwidth tradeoff curve).

VI. CONCLUSIONS

As an additional leverage for supporting high data rates
over next-generation wireless networks, we demonstraded h
increasing density of wireless devices can be exploited by
practical relay cooperation techniques to simultaneoiraly
prove energy efficiency and spectral efficiency. In paréicul
we designed low-complexity LDMRB schemes that exploit
locally available channel state information (CSI) at eaglay
terminal to simultaneously convey multiple users’ signals
toward their intended destinations. Using Shannon-thieore
tools, we analyzed the power-bandwidth tradeoff for these
techniques over a dense multi-user MRN model and demon-
strated significant gains in terms of energy efficiency and
spectral efficiency over direct transmissions. We estabtls
that in the limit of large number of relay terminal&’(—

00), LDMRB schemes achieve asymptotically optimal power-
bandwidth tradeoff at any SNR under bursty signaling capa-
bility; with the energy efficiency scaling liké. Finally, we
verified our results through the numerical investigatiorstiR
atistics and power-bandwidth tradeoffs.
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Carlo simulations) power-bandwidth tradeoff curves, otsd

following the same methodology as Example 2, for different!]
values ofM and N, to understand the impact of multi-antenna
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