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Abstract—We consider the uplink reachback problem in The packet transmission is considered successful as long as the
sensor networks where the receiver is equipped with multiple output signal-to-interference-ratio (SIR) of the linear detector
antennas and linear multiuser detectors. Three medium access is above a certain threshol@

control (MAC) schemes are analyzed: round-robin, maximum- . . .

throughput scheduling and slotted ALOHA. We optimize the Since a sensor fleld.usually consists of hundrgds or thou-
average number of transmissions per slot and the transmission Sands of sensors, medium access control (MAC) is necessary
power for two purposes: maximizing the throughput, or minimiz-  to determine which sensors should transmit during each slot to
ing the effective energy (the average energy consumption per suc-avoid excessive multi-access interference. We consider three
cessfully received packet) subject to a throughput constraint. By MAC schemes: round-robin, “maximum-throughput schedul-

comparing the optimal performance of different MAC schemes . . .
equipped with different detectors, we draw important tradeoffs ing” and slotted ALOHA. For round-robin, the adjacent sen-

involved in the sensor network design. sors form a transmission group and the groups are scheduled
Index Terms— Scheduling, Multiuser Diversity, Linear Mul-  for access one by one. Maximum-throughput scheduling ex-
tiuser Detector. ploits the multiuser diversity [6] in a large network in a time-

varying channel: in each slot, the group with the maximum
number of sensors above the SIR threshold is given the chance
A foremost concern in sensor network design is to minimize transmit. For slotted ALOHA, in each slot every sensor
the energy expenditure and prolong the sensor lifetime [1], [2jode transmits a packet (new or retransmission) with the
Meanwhile, the sensor network should be able to maintasame probabilityp independently. In addition to the MAC
a certain throughput, (which is equivalent to a certain delagheme, the system performance is also determined by the
constraint), in order to fulfill the QoS requirement of the enlinear multiuser detector employed, which can be the single-
user, and to ensure the stability of the network. Typically, theser matched filter, the decorrelating detector, or the linear
throughput and the energy efficiency are inconsistent, and th&f®SE detector. For a given MAC scheme with a given linear
exists a tradeoff between the two measures. The objectivedattector, we assume that the number of receive antennas is
this work is to explore fundamental limits on the achievablfixed, and jointly optimize the transmit power and the average
throughput and optimal network designs that achieve timmber of transmission per slot for two purposes: one is to
desired throughput with minimal energy consumption. maximize the throughput, and the other is to minimize the
We consider the reachback problem where all sensor nog@e®rgy consumption subject to a throughput constraint.
in the sensor field transmit to a common receiver. The receiveMany work have studied the energy-delay tradeoff through
has replenishible power supply and possesses sophisticaelleduling and resource allocation, but most such studies
data reception and processing capabilities. Such a netwarle information-theoretic, and relatively few [7], [8] adopted
structure conserves sensors’ energy, and an example is tthe multipacket reception model due to suboptimal linear
SENMA [3]. We assume that each node constantly has packegseivers. In [7], the authors optimize the sensor networks
to transmit. The transmission is slotted and the slot lefigthwith multiple mobile agents employing slotted ALOHA to
equals the transmission time of one packet. The sensors amakimize the throughput or the energy efficiency. In [8],
the receiver thus constitute a multiple access network, whitthe performance of sensor networks using both CDMA and
has been traditionally characterized by the collision channelltiple receive antennasis is analyzed using results on large
model, i.e., single transmission means success and simuterdom networks in [9]. The analysis in this paper does not
neous transmissions results in failure. Nevertheless, advanoglgl on the large network approximation.
signal processing techniques such as multiuser detection [4The paper is organized as follows. In Section II, we intro-
enable correct reception of simultaneous transmitted packetslate the system model and the measures of throughput and
the physical layer, and consequently, Gletzal. proposed the energy efficiency. In Section 1, we derive the throughput and
revolutionary multi-packet reception model [5]. In this workhe energy efficiency for the three MAC schemes. Analytical
we assume that the receiver is equipped wittantennas and results for the three linear detectors used in later optimizations
a linear multiuser detector followed by single-user decodemre given section IV. Section V and VI deal with the two
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optimization problems respectively. Numerical results andlll. THROUGHPUT ANDEFFECTIVE ENERGY OF THREE

discussions are presented in Section VII. Finally we conclude MAC SCHEMES
the paper in Section VIII. In this section, we introduce the three MAC schemes and
Il. SYSTEM DESCRIPTION derive the throughput and the effective energy for each scheme.

We assume that there are totally sensors in the sensorA. Round-Robin

field,_ and the chann_el states betyveen_ each sensor_an_d eaghund-robin is a fair scheduling scheme and is relatively
receive antenna are independent, identical Rayleigh dlstrlbu(géjsy to implementx sensors in close proximity form a group.
variables. Sensors have no knowledge of uplink channel sta{g; simplicity we assume that is a multiple ofm, so there
information (CSI), and transmit with equal powet. If m e totally k' = n/m groups. Groups are scheduled for access
sensors simultaneously transmit, thesensors andV receive jna by one, and when a group is scheduled in a slot, all the

antennas form a virtual MIMO system, and the discrete-timgnqors in that group transmit simultaneously. It is easily seen
model is given by that the average number of transmissions per sistm, and

m Pr[succ] = ¢(m, p). Thus the throughput of round-robin is
y:\/azhifﬂrkn, (1) sueel = aton.p) o

i=1 )\rr(mv P) = mq(m7 p) (5)
where z; is the transmitted signal of théth sensor and With P = ng/G, the effective energy of round-robin is given
E[l|lz:|*] = P, h; is the N x 1 spatial signature of the py
i-th sensor, whose entries are circularly-symmetric complex pa®T/G
Gaussian variables with zero mean and unit variadé¢ds Eere(m, p) = ) (6)
the common pathlossy is the circularly-symmetric Gaussian
noise with zero mean and covariance matrtd, andy is the
received signal vector. The average received SNR of a packefor max-throughput scheduling, sensors are also grouped
at one receive antenna is given py= L& In the following and the group size is. At the beginning of each slot, all
we denote the matrifl = [hy, hy,--- , h,,]. sensors transmit a short training sequence, and the receiver

We assume that a feedback channel exists from the F‘@.mpal’es the SIR’s Of a” Sensors W|th the SIR thl’esh0|d to

ceiver to the sensor nodes, which is used for synchronizatiéi¢termine the group with the maximum number of sensors
acknowledgementS, group selection and other Signa”ng 6h0ve the SIR threshold, and sends a notification to that group
the MAC layer. The energy consumption for receiving th@f multiple groups achieve the maximum, just choose any one
signaling is assumed to be negligible throughout the paper. fegm them).
simplicity we also ignore the circuit energy consumption.We The probability that there are exactlypackets meeting the
measure the energy efficiency by tieéfective energy8], target SIR when a group of. sensors transmit is given by

B. Maximum-Throughput Scheduling

defined to be the average energy consumption per successfull m . ot
transmitted packet: pi(m, p) = ( . )q(m,p) [1—gq(m,p)] , t=0,1,---,m.
PT (7
E, (2) Denote the number of successfully received packets of each

° ™ Prfsucc]’
. - group byti(k = 1,--- | K), and tpax = max(ty, -+ ,tx).
where Prlsucc] is the average probability of success for gnen the distribution function Of o iS given by
transmitted packet. Denoting as the average number of

transmissions per slot, thteroughput defined as the average ¢ K
number of successful transmissions per slot is Prltmax < t] = Zpt/ (m,p)] , t=0,1,---,m. (8)
t’'=0
A = aPr[succ]. () Therefore the throughput of the max-throughput scheduler is
Throughout the paper we assume that the number of receive

m t K t—1 K
antennagV, the total number of sensorg the SIR threshold Amt (1, p) = Zt <Zpt/(m’ p)> - (Z Py (m,p)>
t=1 t’'=0 t'=0

3, the common pathlos&, as well as the noise varianeé
are fixed. Thus the optimization of the transmission power (9)
is the same as the optimization pf We further denote the As round-robin, we have. = m. The probability of success
probability that the received SIR of a packet is at leasthen gjven that a packet is transmittedRs[succ] = A\t (m, p) /m.
there arem transmissions and the average received SNR Pgfius the effective energy is given by
antenna is by 9
B p) = po*T /G
q(m, p) = Pr[SIR > Blm, p] . @) emt U 2= N (ms p)Jm

q(m, p) is decided by the multiuser detector used (more detaNdax-throughput scheduling may incur some fairness concerns
are given in Section IV). In genera(m, p) decreases wittn  when the channel fading is slow, which can be remedied by
and increases with. certain algorithms [10], [11] with little throughput sacrifice.

(10)



C. Slotted ALOHA B. Decorrelating Detector

Slotted ALOHA has the advantage of simplicity and built- f HTH_ is invertible, the SIR of thei-th user using a
in fairness. Denoting the transmission probability of each us@gcorrelating detector is given by

by p, the throughput of slotted ALOHA is given by SIR, — p (16)
n [(HTH)*} ]
n k n—k 2
Aia = ) 1— kq(k, p). o _
=1 ( k >p 1-7) alk:p) and whenH'H is singular,SIR; is zero.

Lemma 4.2:Theq(m, p) of the decorrelator in the Rayleigh
The average number of transmissions per slat is np. In  fading channel is given by
the casen is large andp is small, we can approximate the
. ) = . . L . - — <
binomial probabilities with Poisson probabilities and obtain ~ ¢4°¢(m, p) = { L=T(3/p, N=m+1), m<N,

0, m>N.
n gk no gk 17
Asa =e Y —kqlk,p)=¢*Y ——q(k,p). Whenp— oo,
(a,p)=e 2% q(k,p) = e ;(k_l)ﬂ( .p) R
Th bability Bs i 4 (m, o) :{ 0. m> N, (18)
e average success probability Bs[succ] = Asa(a, p)/a, Proof: The proof follows from [12].

thus the effective energy is given by
C. Linear MMSE Detector

3 . (12) For the linear MMSE receiver, it can be shown that the SIR
sa(a, p)/a of the i-th user is given by

a2T/G
Eesala, p) = P T/G

IV. LINEAR MULTIUSER DETECTORS INRAYLEIGH . o1
FADING CHANNELS SIR; = h; (HiHi + pI) h;, (19)

In this section we give the expressiongdfn, p) in Rayleigh where H; denotes the matrix obtained by striking out the
fading channels for the three linear detectors. As we will uggh column of H. There is no straightforward closed-form
the asymptotic value of(m, p) asp — oo in later analysis, expression ofg(m, p) for the linear MMSE detector in the
we also derive the expression gfin, oo) = lim, .. q(m,p). Rayleigh fading channel, and in this paper we use exact suc-
cess probabilities obtained through simulations. Nevertheless,
when p — oo, the success probability of the linear MMSE
detector has a simple form, given by the following lemma.
The SIR of thei-th user after matched-filtering is given by Lemma 4.3:For Rayleigh fading channels

A. Matched Filter

PG||h1||4 mmse 1’ m S N’
= . (13)  ¢"(m,00) = 5.
I+ PO L1 (g5 Nom =N ), m > .
' (20)
where' denotes conjugate transpose. Proof: See Appendix II.
Lemma 4.1:The ¢(m,p) of the matched filter in the V. THROUGHPUTMAXIMIZATION

Rayleigh fading channel is given by For a given MAC scheme with a given linear detector, the

m, p) = SNR p and th'e average number of transmis_sions per slot
1 _T(8/p N}, m=1 (for round-robin and max-throughput sphgdullmg,: m, and
) o 75 Y (}4) for slotted ALOHA_,a_: np) can be optimized, such that the
o Jo [1 -TI'(By + ;,N)} y™~*e"Ydy, m >"1." throughput is maximized. The performance of various MAC
schemes with different linear detectors can then be compared
where I'(agz) is the regularized gamma function given byin terms of the maximum throughput.
T(a,z) = %, First assume that is fixed. SincePr[succ| increases with
o ) he maximum throughput for any fixedis achieved when
In the casep — oo, Pt ghpu y \Cl Ve
p — oo. Therefore the maximum throughput jointly optimized
1, m=1, overa andp is obtained by letting — oo, and searching for
g™ (m, 00) = { 17 (L-N _— 1) m 1. (15) the optimala that achieves the global maximum.
+p2 =0 ’ ’ For a given MAC scheme with a given linear detector, we
. . . . define themaximum asymptotic throughptiat be the maximum
where I(z; %mbza_lf,(1t[1te)b_r?£ular|zed beta function, given by'[hroughput achievable with a given number of receive antennas
I(w;0,b) = By i as SNRp approaches infinity, and denote it by(co) =
Proof: See Appendix |. max, A(a, 00).

qu(



Proposition 5.1: The maximum asymptotic throughput ofonly if the given throughput constraint does not exceed the
round-robin, max-throughput scheduling and slotted ALOH/aximum asymptotic throughput, otherwise the throughput
are respectively given by constraint cannot be met. Comparing (6), (10), (12), we

observe that2T'/G is a common factor and is fixed. Therefore

Arr(00) = max mg(m, 00); (21) 1o minimize E, it suffices to find
At (00) = max lim Ay (m, p); (22) . ap
" pg}oon k Igl’lgl >‘(G‘7 p) ’ (24)
Aa(o0) = maxe™ " %q(k, ~), (23) subject to
= Aa,p) > A (25)
where A\, (m, p) is given in (9). The above can be evaluated
for different detectors using (15), (18) and (20). We start with assuming is fixed. Since the throughput is

Remark 1:With the decorre|ating detector, app|y|ng (18?[’1 monotone ianeaSing function ,wae can find the smallest
we immediately getAdec(co) = N, Adc(c0) = N, both p that meets the throughput constraint, which is denoted by

achieved atn = N, and A%°(c0) = max, =@ YN | (kajl)l' Pmin(a) = m_in{p |_)\(a_, p) > A}. Thus the minimum effective
Note that with the decorrelator, the maximum asymptotRNergy for fixeda is given by
throughput of round-robin and max-throughput scheduling Eomin(@) = min ap (26)
are the same, while that of slotted ALOHA can be much o p>prin(a) Ma, p)
smaller. For example, wheN = 10, the maximum asymptotic Therefore, the joint optimization can be proceeded in two
throughput of slotted ALOHA with the decorrelator is 5.831gtens: first, find the minimum effective energy wheis fixed,
which is achieved ai = 7.297. then find the global minimum across all

Remark 2: While no straightforward closed-form expres- Proposition 6.1: For a given throughput constraink, if

sions for maximum asymptotic throughput are available for the A(cc), the minimum effective energy jointly optimized
matched filter and the linear MMSE detector, some qualitatigger , and p is given by

results are possible. For round-robin, comparing (15), (18) and

. . . a
(20) reveals Ee7min = min Ee7min<a) = min mn P 3 (27)
. £ . . a a  p>pmin(a) A(avp)
1) APmse(00) > AM(oc0), with the equality held when )
N =1 while if A > A(c0), the throughput constraint cannot be met.
2) Apmse(o0) > Af¢(c0); the equality holds if and only VII. NUMERICAL RESULTS AND DISCUSSIONS

if the throughput of the linear MMSE with = N + 1 In this section we present the numerical results and draw

is smaller than withn, = V. With simple manipulation, some observations on the comparative performance of different

we obtain that the linear MMSE detector can support AC schemes and different linear detectors. For all simula-

Er\}rcz;gngarlaggr tthhearljetzzgrrneulggsr i?farne(;:e(;\r/ﬁ Zi?;ennﬁ‘gns, we assume the total number of sensors 1000.
1 P yperr= Example 1:Fig. 1 shows the maximum asymptotic

N+1)I/N—1° throughput of the three MAC schemes using different linear
3) The relative performance of the decorrelator and trhe ghp g

tched filter d d It be sh that wh etectors whens = 1. Note that with the decorrelator, the
matche d' er depen fs oft It can be shown that w ®Ntwo curves for round-robin and max-throughput scheduling
B =1, Aire(o0) = Ay (00).

coincide. Several observations can be made: 1) With the
As for the other two MAC schemes, since for all we have matched filter or the linear MMSE detector, the maximum
¢™> (m, 00) > max{g™ (m,00), ¢*(m,00)}, it must be asymptotic throughput of max-throughput scheduling is larger
true that the maximum asymptotic throughput with the linegfan that of round-robin, and the relative scheduling gain
MMSE is always the best, while it is not immediate whethegiminishes withV (the absolute gain is roughly constant). This
the matched filter or the decorelator is the worst. Moreover, t@because ad/ increasesy the amount of performance fluctua-
maximum asymptotic throughput of max-throughput schedujons among different groups is reduced, hence the scheduling
ing is larger than that of round-robin when the matched filt%rain diminishes. Such effect has been observed in [13] for
or the linear MMSE detector is employed. the maximum information-capacity scheduling and referred to
as “channel hardening”. 2) The relative performance loss of
slotted ALOHA with respect to round-robin is much larger
In this section, we study the minimization of the effectivavith the decorrelator than with the other two detectors. 3) For
energy subject to a throughput constralnt A, which may each MAC scheme, the decorrelator outperforms the matched
arise from a QoS demand from the end user, or from a mifitter only when N is larger than a certain threshold, which is
delay constraint to ensure the stability of the network. Adetermined bys. 4) All three MAC schemes perform favorably
discussed in Section V, there exists an upper limit on thth the linear MMSE detector, and can achieve a maximum
throughput supportable by each MAC scheme with a giversymptotic throughput greater than wheng = 1.
linear detector, which is the maximum asymptotic through- The following values are used in the next two examples:
put. Therefore the optimization discussed here is meaningfil= 10, 3 = 1 and¢2T/G = 1 (scaling factor ofE,).

VI. THROUGHPUFCONSTRAINED ENERGY MINIMIZATION



Maximum asymptotic throughput, p=1 Optimum m / a for minimum effective energy with throughput constraint, N=10, B=1, 6°T/G=1
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Fig. 1. Maximum asymptotic throughput of round-robin, max-throughpqgig 3 Optimal m/a for minimum effective energ ;
. . ) . . 3. y with throughput
scheduling and slotted ALOHA with different linear detectofisw 1 constraint for different/MAC schemes with the decorrelafér= 10, 3 = 1,
o?T/G =1

Minimum effective energy with throughput constraint, N=10, B=1, 6°T/G=1
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Fig. 2.  Minimum effective energy with throughput constraint for different
MAC schemes with the decorrelata¥, = 10, 8 = 1, 0?T/G =1 Fig. 4. Minimum effective energy with throughput constraint for round-robin
with different linear detectorsN = 10, 8 = 1, 0?T/G = 1

Example 2: Assume the decorrelator is used, the minimum

effective energy corresponding to different throughput coi? Fig. 4. WhenV = 10, the maximum asymptotic throughput
straints is shown in Fig. 2, and the corresponding optimal of round-robin with the matched filter, the decorrelator and the

is shown in Fig. 3. Note that the minimum effective energyjnear MMSE detector are about 6.4, 10 and 13.8 respectively
curves for round-robin and max-throughput scheduling are rétf- Fig. 1). Again, it can be seen that the minimum effective
smooth at values of: where a jump in the optimal group size€nergy approaches infinity as the throughput constraint ap-
m occurs. It can be seen that the minimum effective energyoaches the maximum asymptotic throughput, and the linear
increases rapidly ad approaches the maximum asymptotiMMSE detector assumes great superiority.
throughput for each MAC scheme: the minimum effective
energy approaches infinity for slotted ALOHA and round-
robin respectively asA — 5.831 and asA — 10; for We have considered the uplink reachback problem with
max-throughput scheduling, however, the minimum effectisimultaneous transmissions and multiple receive antennas.
energy is finite (8.040) whem\ = 10. Over the range of Three medium access control schemes are analyzed: round-
A, max-throughput scheduling saves more than half of thebin, maximum-throughput scheduling and slotted ALOHA.
energy required for round-robin, and the saving becom®@#e optimize the average number of transmissions per slot
increasingly larger ag&\ approaches 10. Whef is relatively ¢ and the average received signal-to-noise ratio per receive
small (A < 3), slotted ALOHA does not incur much energyantennap, to meet two objectives: throughput maximization,
increase compared with round-robin. and throughput-constrained effective energy minimization. We
Example 3: The throughput-constrained minimum effectivénave shown that both the MAC scheme and the linear multiuser
energy for round-robin with various linear detectors is showdetector employed have significant impact on the system

VIIl. CONCLUSIONS



performance. The multiuser scheduling gain diminishes as the

number of receive antennas increases. For each MAC scheme,

APPENDIXII
PROOF OFLEMMA 3

the ﬁﬂn"ﬂLﬂn eﬁecﬂve energy grOVVS Hipkﬂy as ﬂTethrDUgfﬂJUtvvhen7n/<:]V,the “near MMSE detector Converges u)the
constraint approaches the maximum asymptotic throughpggcorrelator ap — co. ThusPr[SIR; > 8] = lim, o 1 —

The max-throughput scheduling greatly reduces the ener
consumption as required by round-robin. For each MA

{% me+1):1.

scheme, the linear MMSE detector significantly outperforms Whenm > N, H;H! is invertible, so ap — oo,

the decorrelator and the matched filter in both the throughput
and the energy efficiency.

—1
SIR; — h! (HHT) h;.

Sinceh; and H; are independent, anHZ-HlT € CWyx(m —

APPENDIXI
PROOF OFLEMMA 1

For the matched filter, whem = 1, we haveSIR; =
pllhi]|?, where |y |2 ~ x3 . Thus

g -1-r().
P p

where I'(a, z) is the regularized gamma function given by
L(a,x) = [y to te tdt/ [[*t*"te~'dt. Whenm > 1, we
can write the SIR in (13) as

Pr[SIR, > ] = Pr [|hi2 >

1,I,,-1), using Theorem 3.2.12 in [14] we obtain

b |2

[ JOJUN | —
h! (HHT) h;

2
~ X2(771,—N)’

and Z is independent oh;. Denoting X = ||h,||?, we get

1 X N X/2N N
h! (HH*) hi= 2 = = F,
‘ ¢ Z m-—N Z/2lm—N) m-—-N
where F = % has anFhy, o(m_n) distribution.

Therefore,

- N
s 2 Pr[SIR; > ] = Pr {F >3 mN} = 1—](%;N,m—N).
SIR; = . . hi(HH])h,’
5 + vy REFERENCES
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