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Abstract

Emerging cellular networks are likely to handle users with heterogeneous quality of service require-
ments attending to the nature of their underlying service application, the quality of their wireless
equipment, or even their contract terms. While sharing the same physical resources (power, band-
width, transmission time), the utility they get from using them may be very different and arbitrage is
needed to optimize the global operation of the network. In this respect, resource allocation strategies
maximizing network utility under practical constraints are investigated in this paper.

In particular, we focus on a cellular network with half-duplex, MIMO terminals and relaying in-
frastructure in the form of fixed and dedicated relay stations. Whereas orthogonal frequency division
multiple access is assumed, it is seen as a frequency diversity enabler since path loss is the only channel
state information (CSI) known at the transmitters, which is refreshed periodically. With this setup,
the performance of a state-of-the art relay-assisted transmission protocol is characterized in terms of
the ergodic achievable rates, for which novel concave lower bounds are developed.

The use of these bounds allows us to derive two efficient algorithms computing resource allocations in
polynomial time, which address the optimization of the uplink and downlink directions jointly. First, a
global optimization algorithm providing one Pareto optimal solution maximizing network utility during
all the validity of one CSI is studied, which acts as a performance upper bound. Second, a sequential
optimization algorithm maximizing network utility frame by frame is considered as a simpler alternative.
The performance of both schemes has been compared in practical scenarios, giving special attention to

the performance-complexity and throughput-fairness tradeoffs.
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1 Introduction

1.1 Motivation

The deployment of cellular networks has been traditionally associated to the provision of voice (and
low-rate data) service to mobile users. The exclusivity of this purpose, however, is in conflict with the
ubiquitous availability of wireless equipment and the steadily increasing traffic demands arising from new
interactive, multimedia services, which have opened the door to a plethora of new potential network
scenarios. From interactive gaming to wireless broadband access, different services with heterogeneous
quality of service (QoS) requirements shall converge to the same service network. Regarding this paradigm,

we identify three central issues in prospective network design which motivate this paper:

e How to characterize the user experience of the different services of the network using homogeneous

performance measures?

e How to dynamically arbitrate on the shared use of the limited transmission resources of the network

by competing flows which are of different nature?
e How to extract the largest possible system spectral efficiency from the physical layer?

With this in mind, the optimization of the operation of the network is hence a matter of allocating
resources (power, bandwidth, rate, transmission time) efficiently for uplink (UL) and downlink (DL)
scheduled transmissions among the serving users such that some network-wide cost function involving

their service experience is maximized along time.

1.2 Adopted network setup

In this paper, we tackle the network design problem adopting a cell-by-cell approach. Hence, we focus
on a cell consisting of one base station (BS) serving M mobile stations (MS’s, or users). To enable the
realization of high spectral efficiencies and boost network performance, we assume that R relay stations
(RS’s) are deployed within the cell coverage area to enhance the communication between the users and
the BS [1-5]. Interpreting the presence of relays as an extension of the network infrastructure enabling
relay-assisted transmission, their locations are assumed to remain fixed, although they can indeed be
optimized beforehand. All the terminals are assumed half-duplex for practical reasons.

Since the capacity of the relay channel is still an open problem (so is determining the optimal relaying
strategy) we shall adopt here the cooperation protocol of [6, Prop. 2], based on the decode-and-forward

strategy [7], which comprises essentially some of the protocols in [3,5,8,9] as particular cases and is able to



work with partial knowledge of the channel state. To make our approach more general, we let the BS, the
RS’s, and the MS’s be equipped with an arbitrary number of antennas, denoted by ngs, nrs, and nums m,
respectively (nums,m is the number of antennas of the m-th MS, 1 < m < M) such that extra performance
gains arising from MIMO [10-12] can be also captured.

Pursuing the application of our results to practical scenarios we are led to two important choices, the
first one being the adoption of orthogonal frequency division multiple-access (OFDMA). OFDMA can
be efficiently implemented via FFT/IFFT, and it is able to combat the inherent frequency selectivity of
wireless channels while at the same time allowing a modular tone-based multiplexing of users. Additionally,
it improves upon TDMA with respect to achievable rates and data latency, and allows for finer granularity
in resource allocation [13], a must in wideband systems. For these and other reasons, it results appealing
for upcoming wireless networking standards [14-16].

The second choice is related to the availability and quality of channel state information (CSI) at each
network location (BS, RS’s, and MS’s). In relayless OFDMA networks, centralized perfect CSI of all
the links (in the form of per-tone fading state knowledge) can be used to allocate resources adaptively.
Hence, bandwidth, power, and rate can be optimally assigned to align with the instantaneous network
conditions [17], yielding enormous performance gains. However, such perfect CSI is likely not to be
available in all the (R + M 4+ RM) links of our scenario. On the one hand, the amount of processing
required to take advantage of perfect CSI can be formidable (the complexity has been shown to be NP-
hard even for a relayless network [18]) and possibly non-affordable. On the other hand, for sufficiently
fast time-varying channels, the necessary CSI refresh interval can happen to exceed the capacity of the
limited-rate feedback channels of the network. Even worse, propagation and processing delays on the
feedback channels may result in outdated, useless CSI at the beginning of a resource allocation phase.
Thus, unlike other works [17-21] we shall study the network scenario of all transmitters having perfect
knowledge of the path loss of each of the channels, a slowly varying scalar parameter, but being ignorant
of each per-tone fading state. Although explicit path loss estimation techniques are out of the scope of
this paper, its accurate estimation seems reasonable provided that some pilot tones are placed within the
transmission bandwidth, which is a common practice in OFDM-based standards such as the IEEE 802.16
suite [14-16], the 3GPP LTE [22], and WiMAX [23] for synchronization purposes.

With this setup, we aim at optimizing the network operation for maximizing network utility [21,24-27]
in a cell-by-cell approach. Centralized optimization is hence performed at each BS which, upon collection of
CSI, takes scheduling decisions and implements resource allocation strategies shaping the instantaneous
rates of all the users involved in its cell. One nice feature of our network operation design framework

is that the network resources (time, frequency, power, and rate) devoted to UL and DL transmissions



are optimized jointly, instead of allocating a given portion of total resources to each direction in each

transmission frame and optimizing them separately.

1.3 Summary of contributions

This paper proposes a centralized optimization framework for the maximization of the cell performance
based on the user experience of each serving MS. Under the setup of Section 1.2, the CSI of all the links
(path loss) is collected at the BS which, together with the QoS requirements of each UL and DL flow! and
its current degree of fulfillment, decides the resource allocation strategy to be followed during some period
of time. This strategy is based on the maximization of network utility, a cell-wide performance measure
which combines the service satisfaction of all the users, and has given rise to the following contributions

to the problems raised in Section 1.1:

e User satisfaction is measured using utility functions. Thus, the same network infrastructure can
flexibly reconfigure to optimally serve a variety of scenarios by properly choosing the user utility

function of each service under operation such that their different profiles are conveniently reflected.

e An algorithm to efficiently compute a global optimal resource allocation strategy in polynomial
time (by solving a series of convex optimization problems) is proposed. It is benchmarked against
other simpler, suboptimal strategies able to retain a large fraction of performance with significant

complexity savings.

e The optimal operation of the network that maximizes network utility is essentially cross-layer, as the
joint optimization of user scheduling, resource allocation, and relay-assisted transmission is involved

for UL and DL directions.

e In characterizing the performance of the adopted relay-assisted transmission protocol, tight concave
lower bounds to the ergodic capacity of MIMO and distributed MIMO channels are obtained which

may find applications outside the scope of this paper.

1.4 Outline of the paper

This paper is structured as follows. Section 2 describes the adopted transmission strategy for OFDMA

with partial CSI and some preliminaries regarding key system parameters. Next, Section 3 addresses the

'We consider here that each user requires to send and receive information, hence generating one UL flow and another DL
flow. The generalization to the setup where users may require more than one flow per direction (e.g. when accessing different
services simultaneously using the same equipment) is straightforward as each pair of UL and DL flows can be treated as a

different virtual user.



transmission protocol for relay-assisted communication. Its cell-wide short term performance is analyti-
cally characterized in Section 4 in terms of instantaneous achievable rate regions. Then, Section 5 builds
upon this to i) introduce user utility functions as a useful tool to characterize user satisfaction with services
of different nature, ii) pose optimal network strategy as the solution to an optimization problem which
alms at maximizing network utility, and iii) propose an iterative algorithm to compute a global optimal
solution to this problem in polynomial time. Additionally, a reduced-complexity algorithm computing
a suboptimal network strategy is also proposed and benchmarked against the global optimal in Section
6, where simulation results of practical scenarios are provided. Finally, Section 7 concludes the paper

summarizing results and sketching lines for future work.

1.5 Notation

Throughout this paper, boldface lower-case letters denote column vectors, with 0,, and 1,, standing for the
all-zero and all-one column vectors of length n, respectively. We shall denote by x; the i-th entry of vector
x, and use > and < for scalar and component-wise inequalities indistinctly. Similarly, z = min{x,y}
denotes the vertical stacking of the component-wise minimum of two vectors. Boldface upper-case letters
are used for matrices, with I,, standing for the n x n identity matrix and A; ; denoting the entry of the
i-th row and j-th column of matrix A, whose transpose and Hermitian are A7 and A, respectively. The
i-th ordered eigenvalue (singular value) of an square (arbitrary) matrix A is denoted by A;(A), where

Ai(A) > Nir1(A). Whenever needed, the superscript (-)* shall denote the optimal value of a variable.

2 System Model and Preliminaries

Consider the network setup described in Section 1.2, where the BS, the RS’s, and the MS’s are power
constrained to ppd*, pR&™, and pyE*, respectively. In every transmission frame interval, denoted by T, the
same network bandwidth B is used in the UL and DL phases, of adjustable duration via TDD?. In each
of them, the communication of each BS-MS pair is assisted by one RS. Let us denote the RS attached
to the m-th MS by RS(m) € {1,...,R}. The RS assignment of the network is hence described by the
connectivity matrix L € {0, 1}}*M where L,.,,, = §[r — RS(m)] and 4[] is the Kronecker delta. Note that
each BS-MS pair is assisted by one RS, but the same RS can serve more than one BS-MS pair. In fact,

the number of BS-MS’s pairs assisted by the r-th RS equals the number of non zero entries of the r-th

2Although the proposed optimization framework can be extended to the FDD mode, we have ruled it out because it
poses more restrictive complexity requirements on the RS’s, which should be able to receive and transmit simultaneously on

different frequency bands.



row of the connectivity matrix L.

We shall use the vectors £1(t) € RY*!, £5(t) € RR*! and £3(t) € RY*! to denote the CSI collected at
the beginning of the ¢-th frame. While ¢ ,,,(¢) stands for the path loss between the BS and the m-th MS,
l5,(t) is the path loss between the BS and the r-th RS, and ¢3,,(t) is the path loss between the m-th MS
and its associated RS (which is the RS(m)-th). All of them are assumed to satisfy reciprocity.

When OFDM is employed with the only knowledge of the link path loss at each transmitter, one
practical strategy is to perform uniform power allocation among groups of tones sufficiently far apart such
that their individual fading states are uncorrelated and frequency diversity is enabled. This is the case
in the IEEE 802.16e - PUSC and FUSC standards [14]. With this approach, coding across a sufficiently
large number of tones makes the instantaneous achievable rate, denoted by r(t), be upper bounded by

the ergodic (or average) mutual information thanks to the law of large numbers?.

By ergodic capacity
we understand the instantaneous capacity given some fading state in the frequency domain averaged
over all possible fading realizations in this domain. Therefore, no matter how short the transmission
interval is nor how fast the channel response varies, the ergodic capacity will exclusively depend on the
transmission bandwidth and the link signal-to-noise ratio, snr. The snr suffices to characterize the quality
of a link since interference between neighboring transmitters is prevented by allocating bandwidth among
the different BS-RS-MS triplets in a disjoint manner*: each BS-MS-RS triplet is assigned a fraction of
the total bandwidth in exclusivity. This fraction may vary from UL to DL phases and also within each of

them, depending on whether the RS is active (relay-transmit subphase) or not (relay-receive subphase).

Whichever subphase we focus on, the snr of any link is given by

LGp
snr = m, (].)

where /¢ is pathloss, G is antenna gain, p is transmit power, Ny is the AWGN one-sided power spectral
density, F'is the noise factor, and b is bandwidth. Whereas the specific values of p and b are subject to

optimization by the BS and Ny and ¢ are given, we distinguish between Fps (Ggs), Frs (Grs), and Fis,m

3Consider a SISO point-to-point link for simplicity. When the transmit power is uniformly allocated over N tones spanning
some total bandwidth B, the per-tone snr is constant. If {h;}/L, denote the fading states of each tone (assumed i.i.d and

unknown), the achievable rate satisfies

N
Z glog2 1+ snrh;) Z Blog, (1 + snrh;) @), E{Blog,(1+ snrh)},

=1

where (a) follows for large N from the law of large numbers and convergence is in probability. For finite moderate values of

N, outage events are not precluded. Its impact on system design, however, is beyond the scope of this paper.
“Inter-cell interference due to frequency reuse in neighboring cells is not considered in this paper due to our single-cell

approach.



(Gms,m) to consider the general case of nodes equipped with RF front-ends of diverse quality.

3 Relay-Assisted Transmission

3.1 Maximum instantaneous achievable rates

The use of RS’s in our network setup has the advantage of realizing performance gains arising from relay-
assisted transmission. As the bandwidth is assigned orthogonally (disjointly) to each BS-RS-MS triplet,
intra-cell interference is completely nulled and it suffices to study one single triplet to describe the overall
behavior of the cell.

Considering that every RS operates in the half duplex mode, then for a given time duration the relay is
in the receive mode (we call this period the relay-receive subphase), and in the transmit mode for the rest
(we call this period the relay-transmit subphase)®. To illustrate the cooperation protocol, which is that
of [6, Prop. 2|, consider the specific BS-RS-MS triplet shown in Figure 1, where the DL phase is described
and the MS and RS index are omitted for simplicity. The matrices Hy € C™Ms*"Bs H, € C"RS*"BS  and

H; € C™isX"rs represent the instantaneous fading states of each of the links at a given toneS.

relay-rx subphase
— —relay-tx subphase

N Vl3Hg
N

_____ > MS

Figure 1: DL cooperation protocol: the DL phase is split into two subphases attending to the half duplex
nature of the RS.

Although the details of the coding scheme can be found in [6, App. A], we provide here a brief sketch
of it for the sake of clarity. The BS splits its message into two independent components: one which is
transmitted directly to the MS without the help of the RS, and another which is transmitted through the
RS to the MS. During the relay-receive subphase, of duration 71, the BS transmits one codeword related
to the latter message component using some power p; while the RS and the MS listen. At the end of this
subphase, the RS attempts to decode this message component. If successful, a relay-transmit subphase

of duration 75 starts where both the RS (which re-encodes the decoded message component) and the BS

5We shall also refer to the protocol subphases as subphase 1 (relay-receive) and subphase 2 (relay-transmit).
5When UL cooperative transmission is considered, the instantaneous fading states can be described by using the transposed

matrices {H] }5_,



(which now transmits a codeword associated to its other message component) transmit using powers ps and
pa, respectively. Otherwise the RS remains silent during this subphase. The receiver performs successive
decoding: it first attempts to decode the relayed message component from the signal of both subphases
and, if successful, it subtracts the signal transmitted by the RS in the second subphase prior to decoding
the unrelayed message component. Assuming that communication takes place over bandwidths By (relay-
receive subphase) and By (relay-transmit subphase) and that uniform power allocation across antennas
is performed (see [28] for relay-assisted communication protocols where power allocation is performed

assuming perfect CSI), the achievable rate rpy, in [bit/s| satisfies [6]

oL < min{r]glﬁ, r](DQI)J (2)

where the min function models whether it is the relay or the destination who act as information bottlenecks

for the relayed message component, and

rbi, = 71 BiE{ logy det (Lot > HQH*)} + T2 B {logy det (Lt 2t gy )} 3)

rgﬁ = TlBlE{log2 det (InMS+ snr1 1H HT)} + TQBQ]E{IOgQ det (InMS+ snr1 2H HJr + %H HT) } (4)
ngB ngp

where the snr’s amount to

snry ; = &Gﬂ sNro = M;’ipl sSnra = M;’im (5)
" NOFMSBj ’ ? NoFrs B ’ 3 NOFMSBQ’

where j =1, 2.

While the success of decoding the relayed message component at the relay indeed impacts on the success
of decoding at the destination, the behavior of the destination is independent of whether the relay was able
to decode or not. The destination will attempt to decode first the relayed component, perform successive
interference cancellation, and go for the direct component afterwards, no matter what happened to the
relay. This makes the relay a transparent network feature as seen by the MS, as no signalling between
them is required whatsoever. In fact, as we rely on the ergodic capacities to characterize performance (see
Section 2), it can be assumed that all the transmissions are reliable as long as their information rates lie
below capacity. Consequently, the performance (2) of the strategy [6] for the one-way relay channel with
half-duplex relay is such that the transmission rate of the relayed message component always results in
successful decoding at the relay.

It is important to remark that the upper bound (2) is only tight for Gaussian codes of infinite block-
length. When practical discrete alphabet codes of finite blocklength are used instead, decoding errors at

the RS and the MS cannot be disregarded at rates below the corresponding ergodic capacities. However,



expression (2) can still be used by introducing a penalizing gap I' such that snrpactical = snr/I" in (3)-(4)7.

We will hence use the gap from now on and omit the subscript ‘practical’ in snr for simplicity. When
UL transmission is considered, an analogous expression to (2) of the form ryp, < min{r%ﬁ, rgﬁ} readily
follows by exchanging the roles of the MS and the BS and transposing the matrices {Hj; }3?:1.

Oppositely to [21], where relays explicitly switched between amplify-and-forward and decode-and-
forward depending on the achievable rates, the adopted cooperation protocol has the advantage of com-
prising other well-known cooperation strategies as particular cases such that the best one is implicitly

selected when the resource allocation is optimized. While it mimics the philosophy of protocol I of [3] and

transmit diversity [5], it can also accommodate the following:

e Protocol III [3], simplified transmit diversity [5] - Set p; to be too small to enable direct BS-MS

reliable communication in the relay-receive subphase.
e Protocol II [3], receive diversity [3] - Set pa = 0.

e Multihop relaying [5,29,30] - Set po = 0 and p; to be too small to enable direct BS-MS reliable

communication in the relay-receive subphase.

e Direct transmission - Set p3 = 0 and/or 75 = 0 and/or By = 0.

3.2 Universal concave lower bounds on the achievable rates

Transmission over multiple tones with uncorrelated fading makes the ergodic (or average) rates show up
in (3)-(4). They involve computing three MIMO channel ergodic capacities and one distributed MIMO
channel ergodic capacity (the 7 term in (4)). After averaging over the fading distribution, i.e., the
distribution of the matrices {H; }?:1, the resulting expectations depend only on the link snr’s and the 7; B;
products, and admit closed form expressions for both the MIMO [10,31] and the distributed MIMO [32]
channel in case of Rayleigh fading. However, analytical expressions cannot be derived for other fading
distributions like Ricean, that are common in the BS-RS link and include line-of-sight components (LOS).
On top of that, equations (3)-(4) are not concave functions of the duration of the subphases, the allocated
bandwidths, and the transmit powers. This prevents efficient methods to be applied for rate allocation in
global optimization approaches.

Alternatively, we develop universal, simpler concave lower bounds of 7“](31]1 and 7‘](32{ that ease prospective

optimization methods and allow for an easy concavity test. Here, by universal we mean that parametric

lower bounds with the same structure can be applied to any fading distribution by changing the parameter

"The gap can be further increased to model the impact of inter-cell interference on final performance via snr degradation.



values and not that the same expression holds for all of them. Other parametric approaches have been
taken to approximate MIMO ergodic capacities [33], but oppositely to our needs, concavity with respect to
durations, bandwidths, and powers was not guaranteed, parameter values were not systematically found
(i.e., curve fitting is performed), and the distributed MIMO case was not tackled. To start with, consider
the following results upon which our lower bounds are based. Their concavity analysis will be left to the

next section.

Lemma 1. A lower bound to the ergodic capacity of an ny X n. MIMO channel is
E{log, det (L, S”HHT)} >3 " logy(1+ pil fer)snr/ne), (6)
i=1

where p;(fu) £ exp(E{log A; (HH'))}) and fu(-) denotes the pdf of the channel matriz HS.

Proof. Proceeding as in [10, App. E.1], we start from the expression that relates the ergodic capacity with
the ordered eigenvalues of HH to obtain

E{log2 det( n —HHT)} - iE{logQ(l + \(HHDsnr /ng)} (7)

= Z E{logy (1 + exp(log A\;(HHT))snr/n;)} (8)
i=1

> Z logy (1 4 exp(E{log \i(HH')})snr/ny), (9)
=1

where (9) follows from Jensen’s inequality and the convexity of the function I(z) = logs(a + bexp(z)) for

all a,b > 0. O

Lemma 2. A lower bound to the ergodic capacity of an ns1 X n, and ng 2 X n, distributed MIMO channel
18
snr snr o
E{log2 det( o + —lHlHI 2H HT)} >3 " logy(1+ pil fe )snra /ne + pilfesa)snra/nez2). (10)
i=1
Proof. Since 1+ )\i(HlHJ{)snrl/nm + )\i(HQH;)snrg/nt,g >0 for 1 <7 < n, and both HlH]; and H2H£

are Hermitian matrices, it follows from [34] that

E{log2 det (I + mHlHJr + snr2H HT)} > ZE{logQ(l + )\i(HlHJ{)snrl/nm + )\i(HgH;)snrg/nm)}.
i=1

(11)

The lemma follows by similarly applying Jensen’s inequality resorting twice to the function I(x). O

8Note that since rank{HH'} < min{ns,n,}, pi(fu) = 0 for min{n¢, n,} < i < n,.

10



Lemmas 1 and 2 lower bound the MIMO channel capacities with expressions that mimic equivalent
transmissions through virtual parallel AWGN channels of gains p;(-), which depend on the antenna config-
uration and the fading distribution, and whose tightness is analyzed in figures 2 and 3. As for the MIMO
channel, Lemma 1 lower bound is extremely tight. The tightness of Lemma 2 lower bound with respect

to the distributed MIMO channel capacity, however, depends on the snr.

20

18
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14

12

bit/s/Hz

-5 0 5 10 15 20 25 30
snr [dB]

Figure 2: Exact ergodic capacity (solid lines) and Lemma 1 lower bound (dashed lines) vs snr for different

antenna configurations and Rayleigh fading.

The computation of the channel-dependent coefficients p;(-) can be accurately performed offline by
using Monte Carlo methods. However, as for Rayleigh fading and an n x 1 or 1 X n antenna configuration,
results on the expectation of the logarithm of a Chi-square random variable [35] can be applied to show
that

piln) = e PRI ol - 1], (12)

where U ~ 0.577 is the Euler-Mascheroni constant [36, 4.352-1]. In any case, once the channel-dependent

coefficients are computed, lemmas 1 and 2 allow us to state the main result of this section.

Corollary 1. A lower bound on the mazimum DL achievable rates of the adopted relay-assisted transmis-

ston protocol is

DL < min{?&i,?gﬁ , (13>

11
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Figure 3: Exact ergodic capacity (solid lines) and Lemma 2 lower bound (dashed lines) vs snry for different

values of snry and Rayleigh fading. The antenna configuration is n, = ns1 = ng2 = 2.

where

MRS nMs

_ snry snr
TSI)J:ﬁBlZlogQ( + pi fHQ) >+TQBQZIOg2( + pi(fr,) B1S2> < 1(33 (14)

nMS nMs

L= B3 loga 1+ lim) T )+ maBa Do (14 i)

2
i) 7" ) < . (15)

A similar lower bound on the maximum UL achievable rates holds by exchanging the roles of the BS and

the MS and transposing {Hj};’:1

4 Achievable Instantaneous Rates

Given the CSI at the beginning of the t-th frame, {£;(¢)}3_,, the instantaneous performance of the network

Jj=D

is given by the DL and UL achievable rate regions, i.e., the set of all rate vectors rpg,(¢), rur(t) € R'X'Xl

that can be sustained during one frame duration. The achievable rates depend upon the frame format
as described by the vector of fractional durations 7 € R, 1T

DL subphase 1 (71), DL subphase 2 (72), UL subphase 1 (73), and UL subphase 2 (74). Each subphase

7 = 1, whose components account for the

duration shapes and couples the instantaneous achievable rate regions, denoted by Rpr(t;7) (DL) and
RuL(t;T) (UL), and will be subject to optimization later on, when rate allocation policies come into play
in the next section. In this section, however, we shall focus on the dependence of the achievable rates on

the disjoint allocations of power among transmitters and bandwidth among BS-RS-MS triplets.

12



4.1 DL instantaneous achievable rate region

Assuming that the duration of the DL subphases is fixed to 7T and 7T, the instantaneous achievable
rates depend upon the allocation of bandwidth and transmit power among the M competing flows. Let
us describe the DL resource allocation by using the vectors pi, p2, p3, b1, bs € RT“, which represent
the fractional BS power allocation in subphases 1 and 2, the fractional RS’s power allocation in subphase
2 (p3.m is the fraction of power transmitted by the RS(m)-th RS in assisting the m-th MS), and the
fractional bandwidth allocation in subphases 1 and 2, respectively. By imposing non-negativity on each

fraction and constraining the sum of resources it follows that

P1, P2, P3, b1, b2 > Owm, (16)
1'p: <1, Lp3<1 1lb: <1 17
vP; = 1, P3s >~ 1R, MY =4 ( )

where j = 1,2 and L is the connectivity matrix defined in Section 2. Thus, applying Corollary 1 the DL

achievable rate in [bit/s] of the m-th user, rpy,,(t), satisfies

(1 _(2
roLn(t) < min{rpy (6,75, (1)} (18)
where

NRS p nMS,m p
(1 ; 1 ; 2
Pob() = B |7ibim D loga (14 b (1) ) + 7abamy loga (14 cf (1) b;m)] (19)

i=1 M i=1 7

NMS,m nMS,m ) )
; Y (t)D2,m + 5, ()3,

?gﬁym(t) = B T1b1,leog2 (1 + czlm(t)]l[:m> + Tng,leogz (1 + 1m(1) mb2 sm(?) m)}?@)

i=1 M i=1 m

condense CSI into the equivalent channel gains

d ) = Pi(fH1,)01,m (1) GBsPES™ (21)
M ngsl'NoFvs B

g ) = Pi([Hy rs(my ) b2 RS(m) (1) GBSPES™ (22)
’ nBSFNOFRSB

iy AU () CrspRE -
o nrsI' NoFyvs B

Following the notation of Section 3, we have used fu, ,, to denote the DL fading distribution between the
BS and the m-th MS, sz,RS(m) for the DL fading distribution between the BS and the serving RS of the
m-th MS, and fg,,, for the DL fading distribution between the m-th MS and its serving RS. The DL

achievable rate region is hence given by
Ro(t7) = (0w < ror(t) < min{eh) (6), 75 (0}, (24)

where the union is taken over the allocations satisfying (16)-(17).

13



Lemma 3. The DL instantaneous achievable rate region Rpy(t;T) is conver.

Proof. For fixed 71, T2, some properties of convex functions [37] can be used to show that the right hand
side of (18) is concave: the minimum of concave functions is concave, and the concavity of (19)-(20) can
be shown resorting to the function G(z,y) = axlog(1+by/x), which is concave in x,y > 0 Va,b > 0. This
implies convexity of Rpr,(¢; 7) for fixed 7 [37], which will turn out to be useful in ensuring global optimality
in rate allocation problems. This desirable property, which follows from the use of the universal lower
bounds derived Section 3.2, vanishes when the frame format (here in the form of the relative durations
T1,T2) is subject to optimization too. However, this can be circumvented with the following variable
change

q; £ 7pj, a3 =TPp3, W, =T;b;, (25)

where j = 1,2. This variable change gives rise to a new set of allocation variables, in terms of which

(19)-(20) become

NRS nMS,m
_(1 j q, j 42,
POl = B w1,leog2(1+c§7m(t)wlm>+w27m210g2(1+6117m(t)w2m)] (26)
i=1 m i=1 m
nMS,m nMS,m i )
e o 4, L m (D)d2,m + 5,0 (1)g3,
Poan() = B fwnmd log (1 el (1) 127 ) 4 wa 3 logy (14 AR ) | (a7)
i=1 i i=1 i

both of them concave functions regardless of 71, 79. The new set of feasible allocations transforms accord-
ingly into
q1,492, 93, W1, W2 > Om, (28)

1hq; <75, Laz<mlr, 1Lw; <7, (29)

where j = 1,2 again. Formulated in terms of the new allocation variables, the region Rpry,(¢;7) can
be equivalently obtained by taking the union in (24) over (28)-(29), where (26)-(27) are used instead of
(19)-(20). This way, the convexity of Rpr,(¢; 7) with respect to 7 is unveiled: (26)-(27) are concave and
the feasible set (28)-(29) is the intersection of halfspaces and hence convex, something that was hidden
with the original allocation variables. Needless to say, the variable change (25) can be straightforwardly

reversed to obtain the allocated fractions of bandwidth and power. O

4.2 UL instantaneous achievable rate region

Proceeding similarly, if the relative duration of the subphases is fixed to 73T and 74T, the UL resource

allocation can be characterized in terms of the vectors pi1, p2, ps, b1, bs € RM. While the meaning of
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b1, b, and pj3 is identical, p1 and po refer now to the fractional MS’s transmit power in subphases 1 and

2. Thus, the feasible set of UL resource allocations is

p17p27p3ublub2 > OM (30)
p; <1uw, Lp3<1g, 1{b; <1, (31)

where j = 1,2. The application of Corollary 1 to the UL achievable rate in [bit/s| of the m-th user implies

that rur,m (t) satisfies

ruLm(t) < min{rly (0,70, (0}, (32)
where
7(1) t J— B b nR‘sl 1 dl t pl,m b BS’T; 1 dz t pQ,m 33
TULm(t) = 71 Lmz 0gy (1 +dj 1, ( )51 + 72 Z,mz 08y (1 + dj )b2 (33)
i=1 ) i=1 m
nBS,m ‘ . nBS,m dz m(t)p2 m + dz m(t)pg m
Fgﬂm(t) = B lel’mZIOgQ (1 + dim(t)];i’ ) + TQbQ’mZIOgQ (1 + 4 ’ b 2 ’ > 34)
i=1 m i=1 s

use the equivalent channel gains

max

pilfar, )0,m(t)Guspirs

v (t 35
- ¢ t)Grsppa®
; ) = pz(fH;Rs<m)) 2,RS(m)( ) RSPRS (36)
2m nrsI'NoFps B
. max
F @) = pil fay, )Es.m(t)GusPRIS ‘ 37)
3,m nysD No Frs B

Note that by transposing the DL fading state matrices, the fading distributions account for UL transmis-

sion. The UL achievable rate region can finally be expressed as

R (t:7) = (0w < run(t) < minfe} (1), 550}, (39)
where the union is over (30)-(31).
Lemma 4. The UL instantaneous achievable rate region Ry (t;T) is convez.

Proof. As happened in the DL, the achievable rate region Ruyy(¢; 7) is convex when the frame format 7
is fixed, but not when it becomes an optimization variable. To avoid this handicap, the same variable

change as in (25) is proposed. This leads to the concave expressions

NRS nBS,m
Fn®) = B lwim > 10gy (14 dh ()2 ) 4 w3 ogy (14 di ()2 ) (39)
’ i1 Wi,m e wa,m
nBs,m nBS,m i i
’ . , 0 (0) g2 + (1
Pobm() = B |wimd oz (14 dip(t) 1 ) Y logs (14 Ll )qz’”;Q Ll )qg’m)] (40)
i=1 o i=1 A
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and the new feasible set

q1,92,93, W1, W2 = Op (41)
qj <7lm, Las < mlg, 1hw; <1, (42)

where j = 1,2. Thus, a convex representation of Ryr,(¢; 7) follows by replacing (33)-(34) by (39)-(40) in
(38) and performing the union over the allocations satisfying (41)-(42). O

5 Maximum Network Utility Rate Allocation Policies

This paper focuses on the optimization of the operation of a cellular network handling users of services with
different QoS requirements. While some users might exhibit large sensitivity to transmission delays, others
might only pay attention to their experienced long-term throughput. And still other key performance
indicators may play a role, such as transmit buffer overflow probability, energy consumption... etc; even
users of the same service, attending to their contract terms, can ask for differentiated QoS requirements.

This poses a challenging problem: upon collection of CSI at the beginning of the ¢-th frame, the BS
must decide by whom, when, and at which rate any information will be transmitted/received until the
next CSI refresh arrives. Assuming that CSI updates are received periodically every D frames, user
scheduling and resource allocation needs to be jointly optimized for UL and DL transmission during the
frames {t,t+1,...,t+ D —1}. On the one hand, flows of different nature may require completely different
management policies; on the other, the network operation should seamlessly reconfigure as the scenario
(users, services, QoS requirements...) varies with time.

We address this problem by using utility functions [21,24] that evaluate each user’s satisfaction given
the achieved throughput as compared to its requirements. By properly characterizing QoS requirements
with the dependency of the utility on the throughput for each service under operation, the different nature
of the serving flows is incorporated into the BS arbitrage. An arbitrage that will use the utility function

of each user to allocate resources and perform scheduling decisions.

5.1 User utility functions

Utility functions were first used in [24] to introduce the proportional fair criterion in resource allocation
problems, and allow us to describe the satisfaction of one user given its served throughput. Although
many schemes implicitly assume utilities proportional to throughputs [17,19, 30], we shall adopt here a

more general approach as in [20,21,24-27]. We define a user utility function U(R) as a concave function
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of the (long-term) throughput R, which is computed using the exponentially weighted smoothing
R(t+1) = AR(t) + (1 = A)r(?), (43)

where R(t + 1) stands for the throughput as seen at the beginning of the (¢ 4+ 1)-frame, A represents the
smoothing memory, and r(¢) is the instantaneous rate achieved in the ¢-th frame. If for any reason the
user satisfaction profile of a service cannot be described using a concave function (e.g, an S-type curve),
the finding of efficient methods for network utility maximization is compromised. Fortunately, a plethora

of common services comply with the concavity constraint.

5.1.1 QoS-oriented utility functions

We say a utility function is QoS-oriented whenever the QoS requirements of the service appear explicitly
in its expression. Although we are not constrained to it for operational reasons, we focus on utility
functions upper-bounded by 1. This way, we set the same maximum user satisfaction level as a reference
for all the services under operation in the network. Otherwise, the use of unbounded utilities for the
different services might cause the BS to bias its attention towards services with favored utility scales. The
following examples show that this is not a major impairment to describe the satisfaction profile of services
of different nature.

e Fxample 1: Best-effort data service

The user satisfaction of a best-effort data service (e.g., ftp, http) without any data latency or other
QoS constraints than achieving the largest possible throughput can be modeled with the utility function

log(1-Up) £

UR)=1—¢ o =1 (1 - Up)o. (44)

This utility is parameterized by the satisfaction level 0 < Uy < 1 achieved when the throughput is Ry.

e FExample 2: Delay-sensitive service

The user of a delay-sensitive service is interested in achieving some target throughput under the con-
straint that data latency remains below some critical threshold: in practical applications (e.g. voice service,
video streaming), bits exceeding the maximum allowed delay are dropped. Since such applications are
usually of constant bit rate, allocation of rates larger than the target throughput renders suboptimal. In
other words, an overusing of resources makes no real improvement for this user but compromises the QoS
provision to the rest. This can be alternatively viewed in terms of imposing the instantaneous rate to be
as constant as possible, thus avoiding bursty transmissions yielding the same throughput at the expense
of larger idle periods (and hence delays). One suitable utility function is
R— Ry > 2

)

g

Uao:1—< (45)
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where Ry is the target throughput and o depends on the maximum allowable delay Wy (in number of
frames). To select o, we choose to set the utility of one user that was initially served Ry but is laid aside
Wy frames idle equal to Uy < 1. This forces the satisfaction index of this user to move from the peak of
(45), where utility was 1, to some unacceptable value Uy. This way, each frame one such user is idle it is
able to warn the BS about its urgency for being scheduled by decreasing its utility. With this criterion,
the appropriate o is

(1 - A")R,

o= Vi (46)

In case users of several delay-sensitive services with different QoS requirements (as specified by Ry and
Wp) are present in the network, one has only to adjust o according to (47) and use the resulting utility

function (45).

5.1.2 Best-effort utility functions

In situations where the utility function of a service does not depend on the QoS requirements, we say that
utility is best-effort. As we are not able to quantify how far we are from the user expectations, we rather
use utility as a qualitative satisfaction index. Additionally, if there is only one service under operation in
the network, there is no reason to focus on functions upper-bounded by 1. This can allow us to consider

a wider class of utility functions. A useful example of best-effort utility function is the family [3§]

log(R) ifa=1

l1—a
where the choice of the parameter o governs the way resources are shared among users, and its role shall

be discussed later.

5.2 Network utility maximization

To account for services with asymmetric requirements, consider different DL and UL utility functions,
denoted by Upr,,, and Uyl respectively for the m-th user. Let Rpr(t), Ruw(t) € RTXI denote the
vectors corresponding to the vertical stacking of DL and UL per-user throughputs at the beginning of the
t-th frame, respectively. As user throughput varies with time, so does user utility. A global snapshot is

given by the vectors Upy,(t), Uur(t) € RTXI, where

[UbL(t)lm = UpLm(BpL,m(t)) (48)

and a similar expression holds for UL utilities. Using (48), we define network utility as any concave non-

decreasing function of the user utilities NU(¢t) = NU(Uuyr(¢), UpL(¢)). It provides a cell-wide aggregate
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indicator rating the goodness of the scheduling and resource allocation strategy carried out at the BS as
far as satisfaction of all the users of the cell is concerned. For instance, we could take a maxmin approach
and set network utility as the minimum among all the users’ satisfaction in either UL or DL directions,
i.e.,

NU(1) = | min {min{[Uvr(t)}n. [Ups ()]} - (49)

Thanks to the concavity of each user utility on the throughput and the fact that NU is a concave non-
decreasing function of the utilities, it follows from the convexity properties of composite functions [37] that
(49) is a concave function of (Ryr(t), Rpr(t)). This is an important property since concavity of network
utility is necessary for obtaining global optimal allocation strategies in polynomial time. Alternatively, if
there is no pressure to focus on the utility achieved by the worst user, we can take a simpler choice and

set network utility as the sum of all the user’s utilities
NU(t) = 1,7\;| (UUL(t> + UDL(t)). (50)

When (50) is used in conjunction with (47), the parameter « is said to enable a-fairness [38]. Fairness is
a wide concept which refers to the fact of not penalizing some users arbitrarily, and by tuning « from 0
to +o0o the network planner is given a tool to easily switch between popular fair schemes. While o = 0
yields utilities equal to throughputs and therefore the objective becomes maximizing the cell throughput,
a = 1 yields proportional fairness [24], and as & — 400 the network operation tends to apply the maxmin

criterion to the user throughputs.

5.2.1 Optimal strategy

For a given CSI, the task of the BS is to maximize network utility until the CSI becomes outdated and a
new one is received (this period spans D frames). Afterwards, the following CSI update triggers another

network utility maximization procedure for the subsequent D frames, and so on. Expressed succinctly,
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the optimal strategy for a given CSI is the solution to the following optimization problem?

maximize {NU(t+1),NU(t+2),...,NU(t+ D)} (51)
{75 rup (t+1),rpr, (40 120!

{UUL (t+i),UDL (t+i)}i.;1

subject to [UpL(t + 9)]m < UpL.m (AiRDL,m(t) +(1-X) Zzi AN T rp g (E + ])) (52)
o

(OuL(t + Dl < Vot (N Buwam(®) + (1= 2) YN Tronm(t+4)) - (53)
=0

ruL(t + 1) € Run(t; ;) ’ (54)

rp(t +1i) € Rpr(t; i) (55)

1Ir,=1,7,> 04, (56)

where (52)-(53) apply for 1 < m < M and 1 <4 < D, and (54)-(56) for 0 < i < D — 1. Note that in
(51)-(56) we have made implicit the resource allocation optimization with the use of the instantaneous
achievable rate regions Ryt (t; 7;) and Rpr(t; 7i).

Determining the best rate allocation for the D frames under consideration amounts to solving the mul-
tiobjective optimization problem (51)-(56). Multiobjective problems do not usually have unique optimal

solutions, and one usually selects one solution from the set of Pareto optimal solutions!'?

according to some
priorization of the objectives in conflict in the problem. Since network utility represents cell-wide quality
of service, our approach will be to provide the largest possible network utility in each of the frames under
optimization indistinctly. Hence, we will first aim at maximizing the minimum network utility during D

frames, then maximize the second smallest network utility with no penalty to the previous one, and so

on. Under this criterion, one global optimal solution'! can be iteratively computed using Algorithm 1.
Proposition 1. The solution computed by Algorithm 1 is Pareto optimal.
Proof. See Appendix A. O

Remark 1. Algorithm 1 is able to compute one global optimal solution in polynomial time. To see this, it

is sufficient to show that each of the subproblems (57)-(59) are convex. We first require that the objective

9Note that we have omitted the dependence of network utility on each of the user utilities in (51) for the sake of simplicity.
10Some resource allocation achieving {NU(t + 1), NU(t + 2),...,NU(¢t + D)} belongs to the Pareto optimal set if for any

other allocation achieving {NU’(¢t + 1), NU’(¢ + 2),...,NU’(t + D)} it will never happen that NU’(¢ +4) > NU(¢ + i) for all

1<4i<Dand NU'(t+1i) > NU(t + i) for some 1 <i < D.
11 case more than one global optimal resource allocation solution exists, their achieved network utility values are permuted

versions of some reference {NU*(t 4+ 1), NU*(¢t + 2),...,NU*(¢ + D)} (see the proof of Proposition 1 in Appendix A).
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Algorithm 1 Global maximization of network utility
1: Initializations: S = 0, NUpin(t +i) = —oo for 1 <i < D.

2: while |S| < D do

3: Solve
maximize - min  {NU(t+1)} (57)
{(rorup t+irpp iy 2ot 1€{12, . DIS
{UUL(t-i-i),UDL(t-i-’i)}iD:l
subject to constraints (52)-(56) (58)
NU(t+14) > NUpin(t +17) VieS. (59)
4: Compute i, = arg min \S{NU*(t +1)} and update S = S U imin, NUpin (t 4 imin) = NU* (¢ +

i€{1,2,...,.D}
imin)-
5: end while
6: Use the optimal resource allocation to compute the UL and DL exact achievable rates (2): {r{y (¢t +
D) rhy(t+1)} 2
7: Update throughputs for 1 <m <M, 1<i < D:
i1
Rom(t+1) = AP Rum(t) + (1= 2) 3 X rip(t + ) (60)
o

RoLm(t+1) = AP Rprm(t) + (1—X) Y XNy L (E+4). (61)
j=0

(57) is concave, which follows from the concavity of network utility and the fact that the minimum of
concave functions is concave. Then, the left hand side of each of the inequality constraints in (58)-(59),
when rephrased as a function of some optimization variables less than or equal to zero, should be convex.
This follows from the concavity of the user utility functions with respect to throughput, the fact that the
throughput relates linearly to the instantaneous rates, and the convexity of the UL and DL achievable

rate regions (see Section 4).

Remark 2. In each of the problems (57)-(59) a three-fold optimization in each of the frames under
consideration is performed: first, the frame formats (relative durations of each relay-assisted transmission
subphase for UL and DL) as described by the corresponding four-dimensional vectors {Ti}ZD: 61; second,
the allocated instantaneous rates, which implicitly account for user scheduling (note that rpy, ., (t +4) = 0
implies that the m-th user shall not receive any DL data in the (¢ + 4)-th frame); and third, the allocated

resources (bandwidth and transmit power), which are implicit in the definition of the DL and UL achievable
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rate regions (54)-(55) as defined in (24) and (38).

Remark 3. In order to pose the maximization of network utility as a series of convex optimization
problems, we have resorted to the concave lower bounds on the achievable rates derived in Section 3.2.
However, the throughput updates are performed evaluating the ezact ergodic rates (2) achieved by the
optimal resource allocation, and not their lower bounds (13). As for Rayleigh fading, we resort to [32] for

their computation.

5.2.2 Reduced-complexity suboptimal strategies

Although Algorithm 1 provides the best network strategy from a network utility point of view, its compu-
tational load may become prohibitive in systems either serving a large number of users per cell (large M)
or refreshing the CSI slowly with respect to the frame duration (large D). To see this, consider the fact
that D convex problems of (14M + 4)D variables each (where we have considered utilities, rates, frame
formats, power allocations, and bandwidth allocations) are involved in each optimization instance. Hence,
two directions may be taken to cut down complexity: either reduce the optimization window D or the
number of users M to be scheduled.

How to deal with the first one is immediate: simply replace D by D’ in Algorithm 1 such that D’
divides D (this is required to avoid optimization windows requiring CSI not received yet). The second
direction requires the implementation of a time-domain scheduler on top of Algorithm 1 such that only a
subset of the M MS’s are selected for network utility maximization. We choose to select the M’ < M users
that would have the smallest utilities at the end of the optimization window if not scheduled. Despite this
may have an impact on final performance since scheduling decisions are no longer optimal, time-domain
pre-scheduling renders crucial in scenarios with a large number of users. On top of the aforementioned
complexity issues, in practice, the frame structure needs to be signalled to the MS’s, and this represents
and additional overhead. If all users are allowed to transmit and/or receive in the same frame, the average
quantity of the allocated resource per user and frame may go down below practical operational values
while this signalling overhead may increase significantly and thus hamper network utility.

We benchmark the global optimal solution of Algorithm 1 against the suboptimal strategy which takes
D’ =1 and attempts to maximize network utility sequentially in a frame-by-frame basis. Thus, Algorithm
2 is run at the beginning of each frame, which allocates resources among the subset of M’ users selected
by a time-domain pre-scheduler. This way, we are able to quantify the performance loss of sequential

optimization versus global optimization.
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Algorithm 2 Sequential maximization of network utility
1: Solve

maximize NU(t+1) (62)
7,ryL (£),rpy, (),
UyL (t-‘rl) ,UpL (t‘l‘l)

subject to [UpL(t+ 1)]m < UpLm ()\RDL m(t) + (1 — )‘)rDL,m(t)) (63)
[UuL(t + Dlm < Uvrm ()\RUL m(t) + (1 — )‘)TUL,m(t)) (64)
ruL(t) € Ruw(t; 7) (65)
roL(t) € Row(t7) (66)
177 =1,7>0y4 (67)

2: Use the optimal resource allocation to compute the UL and DL exact achievable rates (2):

i (1), T (1)

3: Update throughputs for 1 < m < M:

RuLm(t+1) = ARuyLm(t) + (1 = A)r{Lm(t) (68)
RpLm(t+1) = ARprLm(t)+ (1 — /\)T]*DL,m(t)- (69)

6 Simulation Results

We focus on two different scenarios sharing the same target cell spectral efficiency but having different user
population sizes. In either case, we simulate a circular cell of 500 m radius, with R = 5 relays uniformly
spaced along a circle at 375 m from the BS, which is located in the cell center. We assume that the MS-RS
links are in line-of-sight and have path loss exponent 2.6, while the rest of links (BS-MS and MS-RS) are
in non line-of-sight with path loss exponent 4.05. All links are hampered by Rayleigh fading. See Table 1
for a complete list of values of the rest of physical parameters involved.

All the users of the cell are mobile. If x,,(t) € R% denotes the position of the m-th MS at the beginning

of the t-th frame in Cartesian coordinates, then

xon(t 4+ 1) = xm(6) + o | PO | (70)

sin(e(t))

where vy, is its speed (assumed constant) and () is an AR(1) stochastic process describing its direction,

o(t+1) = 0.9¢(t) + 0.02¢y, (71)
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B 10 MHz
T 25 ms

max max

PBS s PR+ and pp§ 33, 30, and 24 dBm
Ggs, Grs, and Ggg 10.6, 5, and —1 dB

Fgs, Frs, and Fpg 4,4, and 7 dB
nBs, NRS, and nyg 2,2,and 1
BS, RS, and MS heights 15,5, and 0 m
No —114 dBm/MHz

r 4 dB
A 0.95

Table 1: Physical layer setup of the simulated scenario

where {1} are i.i.d. uniform random variables on —[m, 7). Whenever a MS happens to exceed the limits
of the cell, it is forced to bounce on the cell edge by changing its instantaneous direction in order to keep
constant the total number of users. As a simplifying assumption we set the same speed of v = 3 kmph
for all the MS’s, and consider a feedback update rate of 100 ms, i.e., D = 4. Each time CSI is refreshed,
each MS is attached to the RS towards which the path loss is the smallest. The connectivity matrix L is
updated accordingly.

With this setup, we first simulate an scenario consisting of M = 6 best-effort users (44) of gold, silver,
and bronze QoS classes. Gold users experience 0.9 utility when they are given 30 Mbps (DL) and 6 Mbps
(UL) throughput. Silver users have the same utility level when served 20 Mbps (DL) and 4 Mbps (UL)
throughput. Finally, bronze users require 10 Mbps (DL) and 2 Mbps (UL) throughput for 0.9 utility.
There are two users of each QoS class and, under a maxmin choice (49), if a network utility of 0.9 was
realized, the cell spectral efficiency would amount to 14.4 bps/Hz.

Figure 4 shows the deployment layout and compares the network utility achieved by global and sequen-
tial optimization. To quantify separately the performance gains provided by the presence of relays from
those achieved by the optimization approach itself, we benchmark the global and the sequential optimiza-
tion algorithms against their counterparts without RS’s. That is, we also simulate resource allocation
where the relay-transmit phase is always forced to have zero duration. To make this comparison fair, we
increase the transmit power constraint at the BS and the MS’s such that, frame by frame, the total UL
and DL power is equal with and without RS’s in both optimization strategies. Since the number of users

is relatively small, there is no need for a time-domain pre-scheduler.
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As a general trend, global optimization dominates sequential optimization in the long term, although at
the beginning the opposite holds. This is because in the first frames, the resource allocation of sequential
optimization benefits from evaluating the actual ergodic rates often (frame by frame) as compared to
global optimization, where this evaluation is carried out every group of D frames. This has a positive
impact on user throughput, although this advantage vanishes quickly as confirmed also by Figure 5, where
the per-user throughput achieved by global optimization dominates that of sequential optimization in
less than 2 s of network operation (80 frames). Interestingly, sequential and global optimization perform
almost undistinguishably without relays: as the ergodic capacity lower bounds are very tight in this setup
(see Figure 2), the previous effect does not apply. In any case, the target spectral efficiency of 14.4 bps/Hz
is achieved only with relaying infrastructure, as the steady-state performance without RS’s falls roughly

25% below QoS targets. Indeed, as showed in Table 2 the price to pay is an increase in computation

complexity.
Network Utility
12 T T T T T
—global opt.
— sequential opt.
1H- -global opt. wo/ RS's il
- - —sequential opt. wo/ RS'’s

' -250 >V ‘
0.2H M R % .’ / |
o -500 -0
0 ; ; ; . =500 -250 . 0 250 500
0 0.5 1 15 2 2.5 3 3.5 4
time [s]

Figure 4: Network utility achieved by global (blue) and sequential (red) optimization, with (solid) and

without (dashed) relaying infrastructure, and deployment layout.

Seq. Opt. wo/ RS’s | Global Opt. wo/ RS’s | Seq. Opt. w/ RS’s | Global Opt. w/ RS’s

1 1 2.6 33

Table 2: Relative execution times of the resource allocation strategies

Next, we focus on a practical scenario with the same target spectral efficiency at 0.9 network utility as

before, adopting the maxmin utility criterion (49) again, but now serving 10 times more users with rate
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Figure 5: Per-user served throughput of global (blue) and sequential (red) optimization, with (solid) and

without (dashed) relaying infrastructure.

requirements reduced to 10% of the previous. Thus, M = 60 best-effort MS’s are present in the cell which
split into 20 users per QoS class. Now, at 0.9 user utility gold users require 3/0.6 Mbps (DL/UL) through-
put, silver users 2/0.4 Mbps (DL/UL) throughput, and bronze users 1/0.2 Mbps (DL/UL) throughput.
With this system size, global optimization renders unfeasible and we restrict our attention to sequential
optimization with time-domain pre-scheduling. In particular, we study the performance degradation as a
function of M/, the maximum number of users per frame. In this respect, Figure 6 shows the deployment
layout and the network utility achieved with M’ = 12,8, and 4. Clearly, the larger M’, the larger network
utility but also the algorithm complexity and signalling overhead. Assuming negligible this last effect for
the range of values of M’ studied!?, the steady-state network utility loss between M’ = 12 and M’ = 4 is
on the order of 0.1.

In Figure 7 we show the per-user throughput averaged per QoS class, to show that, although the general

trend is similar for each value of M’, the performance degradation when M’ = 4 is due to the fact that

12For each direction (UL and DL), each user should be signalled about the transmission rate, the fractional bandwidth
allocation, the fractional power allocation, and the duration of the protocol subphases. Assuming that each of these parameters
is quantized to my, bits, the throughput penalty per user and direction is n,(6 + 2/M’) which decreases with M’ since the
subphase durations are common. Hence, although the global signalling overhead increases in M’, the per-user penalty

decreases. In particular for a practical value of n, = 5 bits, this penalty is on the order of 1 kbps and, hence, negligible.
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Figure 6: Network utility achieved by sequential optimization with time-domain pre-scheduling allowing

a maximum of 12 (black), 8 (blue), and 4 (red) users per frame, and deployment layout.
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Figure 7: Average per-user served throughput per QoS class achieved by sequential optimization with

time-domain pre-scheduling allowing a maximum of 12 (black), 8 (blue), and 4 (red) users per frame.
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gold users are served fair below their 0.9 target while bronze users are satiated more than necessary. As
M’ decreases, the average number of idle frames between transmissions for a given user increases, but the
instantaneous rate per user in an active frame increases. The conclusion from Figure 7 is that if M’ is too
low the global effect is negative. Finally, Figure 8 addresses the maximum per-user delay in each setup,

which is shown to be roughly proportional to 1/M’ in average.
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Figure 8: Maximum user delay (number of frames idle) achieved by sequential optimization with time-

domain pre-scheduling allowing a maximum of 12 (black), 8 (blue), and 4 (red) users per frame.

So far, we have only explored maxmin network utility and QoS-oriented utility functions. To conclude
this section, however, we shall modify the previous system with a total of M = 60 users and M’ = 4
users at most per frame and explore the inherent tradeoff between fairness and throughput when other
network utility functions are used. In particular, we now consider the situation where the UL and DL
utility functions of every user are given by (47) and network utility is sum utility (50). Thus, by changing
the parameter o we have a way of trading fairness and throughput. We capture this relation in Figure 9,
where we focus on the average steady-state per-user and link direction throughput (UL and DL directions
are averaged together as their utilities are the same). It is plotted against Jain’s fairness index [39] in each
direction for a given cell deployment. This index rates the degree of fairness incurred in serving n competing
flows with a real number between 1/n (worst case: one user gets it all) and 1 (best case: resources are
equally shared). Figure 9 confirms that a simultaneous increase in both fairness and throughput cannot
be achieved and quantifies the explicit tradeoff. Notice that the time-domain pre-scheduler prevents the

fairness index to fall below acceptable levels.
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Figure 9: Average steady-state per-user and link-direction throughput versus fairness index. The corre-

sponding values of a are 0.25, 0.50, 0.75, 1, and 5.

7 Conclusions

This paper concentrates on the performance characterization of a relay-assisted network deployment under
practical constraints. In particular, terminals are half-duplex MIMO and path loss is the only CSI assumed
to be known at the transmitters. Network performance is evaluated in terms of ergodic achievable rates
by the development of novel lower bounds. These bounds are employed to derive two efficient algorithms
for resource allocation optimization under heterogeneous QoS requirements. The first one provides one
Pareto optimal solution whereas the second one performs a simpler frame by frame optimization by
means of a sequential algorithm. The performance of both schemes has been evaluated showing that,
whenever global optimization can be afforded, significant performance gains can be achieved with respect
to sequential optimization. When systems dimensions are large, however, the complexity of sequential
network optimization can be tuned by using time-domain pre-scheduling.

The proposed network resource optimization schemes could be generalized in at least two ways. First,
by incorporating outage events into system design in those scenarios where the number of tones is limited
and moderate. Second, by considering a multi-cell configuration allowing the incorporation of a prescribed

maximum inter-cell interference as an additional constraint.
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Appendix A: Proof of Proposition 1

Let {NU*(t + 1),NU*(t + 2),...,NU*(t + D)} denote the network utility achieved by the solution of
Algorithm 1, and define iy, 49, ...,ip such that NU*(t +41) < NU*(¢t +i2) < ... < NU*(¢t + ip). Assume
it is not Pareto optimal. Hence there exists at least another allocation achieving {NU(¢ + 1), NU(¢ +
2),...,NU(t+ D)} and integers j1, jo, ..., jp such that NU(¢t + j1) < NU(¢t + j2) < ... < NU(t + jp),

NU(t+14) > NU*(t+1i), 1<i<D, (72)
NU(t+1i) > NU*(t+1), for some i. (73)
Then,
N . (9 N O @ ,
NU*(t +1d1) = NU(t+j1) > NU*(t+j1) > NU*(t + 1) (74)

where (a) follows by construction of the solution of Algorithm 1, (b) from (72), and (c) from the definition
of {i,}. Equation (74) implies that NU*(¢ + i¢;) = NU(¢ + j1). Two cases arise now:

e Case i1 # j1:
(a) (o)
NU*(t 4 j1) > NU*(t +i1) 2 NU(t + j1) > NU*(t + ja), (75)

where (a) follows from the definition of {i,}, (b) is a consequence of (74), and (c) follows from (72).
Then, NU*(t + j1) = NU(¢ + j1). Without loss of generality we can set iy = j1, j2 = i1 and obtain
NU*(t + i2) = NU(t + j2).
e Case i1 = j1:
. oL@ O, L@ _

NU*(t +i2) > NU(t 4 j2) > NU*(¢t + jo) > NU*(¢ + i2) (76)
where (a) follows by construction of the solution of Algorithm 1, (b) is derived from (72), and (c)
follows from the fact that jo # j; = 41 and the definition of {i,,}. Expression (76) also implies
NU*(t + i) = NU(t + jo).

Proceeding similarly, we can iteratively show that
NU*(t +i,) = NU(t +jn), 1<n<D, (77)

which implies that the network utility values of both strategies are either equal or related by an arbitrary
permutation. In either case, this contradicts (72)-(73), hence implying that the solution to Algorithm 1

is Pareto optimal. O
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