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Abstract — A number of user scheduling and radio access
allocation mechanisms are proposed and evaluated in the
context of downlink switched multi-radio transmission
diversity for a base station serving users in a multi-radio
environment. The radio accesses are assumed to be
uncoupled, each utilising a range of modulation and coding
schemes in response to the dynamic channel conditions.
Thejoint scheduling of users across multiple radio accesses
is compared to the case where the radio accesses operate
independently. It is shown that potential gainsin spectral
efficiency of between 25% to 40% are achievable via the
proposed mechanisms, when using four radio accesses.
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1. INTRODUCTION

The advent of multi-radio access (MRA) for next
generation wireless systems will allow for the integration
of diverse radio access technologies (RATS), where user
service demands are efficiently mapped on to multiple
“heterogeneous’ radio access networks at any instant of
time [1]. The availability of a multiplicity of
independent radio accesses (RAS) provides the grounds
for their co-operation, not only at a “session” level, as
may be the case today with inter-RAT handover, but
also at a“data packet” or even at a“radio frame” level.

Inter-working solutions that achieve such different levels
of co-operation have drawn much interest within the
research community. In this context, the Ambient
Networks (AN) project investigates solutions for
dynamic co-ordination and integration between the
networks of different radio access technologies [2],[3].
The approach proposed there for the realization of such
multi-radio co-operation consists of unified and joint
radio resource management and link-layer processing
[4]. The entities that implement these functions are
therein termed Multi-Radio Resource Management
(MRRM) and Generic Link Layer (GLL).

The MRRM and GLL are critical enabling technologies
for the implementation of Multi-Radio Transmission
Diversity (MRTD). Based on an extension of physical-
layer space-time transmission diversity mechanisms
applied in today’s wireless systems, MRTD refersto the

transmission of a user's data, either in a sequentia
(switched) or simultaneous (parallel) manner, via a
number of different radio accesses.

This paper is concerned with a study of the diversity
gains achievable through the use of switched MRTD,
applied at the medium access control (MAC) level
across a number of equivalent but independent radio
accesses. To this end, a number of user scheduling and
radio access allocation mechanisms are proposed and
evaluated via smulations. The system model and
assumptions are presented in Section (2), followed by a
description of the proposed mechanisms in Section (3).
Simulation results are detailed and discussed in Section
(4), followed by conclusionsin Section (5).

2. SYSTEM MODEL & ASSUMPTIONS

Consider a scenario involving downlink transmission of
data to K users, and the availability of G independent
radio accesses (RAS) at a base station. In principle, the
multiple RAs may correspond to uncoupled radio
channels of different radio access technologies, or may
aternatively be associated with a single radio access
technology. It is the latter case, with equivalent RAS,
that is examined in this paper.

Also consider that each RA employs a time-division
multiple-access (TDMA) scheme, with regular
transmission time intervals (TTIs) of Ty, seconds. Each
user, k, may utilize one and only one of the G radio
accesses for data transmission at any time t, thereby
implying what we refer to as switched (as opposed to
parallel) transmission diversity. Moreover, a any timet,
the resources of a certain RA are granted to a single
user.

The throughput per unit bandwidth, or spectra
efficiency, for user k viaRA g at transmission timetisa
function of the instantaneous radio channel quality as
well as of the modulation and coding scheme (MCS)
employed by the RA physical layer (PHY). The radio
channel quality can be readily characterized, at least for
single-input single-output (SISO) channels, via the per-
packet SINR. This is itself a combined function of
transmission power, path-loss, shadowing and multi-path
fading.



The supportable spectral efficiency, ((t), for user k
via RA g at transmission time t takes on a number of
discrete values depending on the available modulation
and coding schemes. For example, with combinations of
4-QAM, 16-QAM, and 64-QAM, and with 1/2- and 1/3-
rate coding, we have:
A )1 %,1, g 2,3 bits/sec/Hz. (1)

As detailed in Section (3), the alocation of usersto RAs

can be performed at the transmitter based on the
supportable link throughput,

COMt)=hP{t)1- p)W  bits/sec, (2

where pe is the packet error probability and W is the
radio link bandwidth. Given the possibility of erroneous
decoding of packets a the receiver, the actual link
throughput, R (t) may be modelled as:

C9(t) with probabilty 1- p,

RO = 3)
0 with probabilty p,

The objective in this paper is to identify efficient
strategies for the downlink transmission of data
associated with the K users via the G available
independent RAS, and to evaluate any resulting gains in
spectral efficiency and user quality of service.

3. SCHEDULING & RADIO ALLOCATION
SCHEMES

The process of scheduling iswell understood in asingle-
radio environment. Given a single RA, and a group of K
users, the objective is to identify which user should be
serviced at any TTI. To this end, a number of schemes
including round-robin (RR), maximum C/I, and
proportional-fair have been investigated [5],[6].
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Figure 1: User scheduling and RA allocation.

In a multi-radio environment, however, one may view
the problem as consisting of both user scheduling and
RA dlocation. Given G radio accesses, and K users,
scheduling would then refer to the process of identifying
the subset of K. £ K users which should be serviced at a
given TTI. Allocation is then the problem of pairing
each scheduled user with an appropriate RA. This is
illustrated in Figure 1. As will be seen, should
scheduling not be peformed in a multi-radio
environment, K¢ = K, and all users would be targeted by
the allocation scheme.

It is evident that in a multi-radio environment one may
simultaneously schedule, at each TTI, atotal of K¢ = G
users ky(t) ... kg(t) . This assumes that each RA supports
one and only one user at any TTI (i.e. TDMA), and each
user utilises one and only one RA at any TTI (no parallel
transmission diversity). In the case of multi-radio round-
robin scheduling,

ki (t) ={G(t- 1) +i- I modK +1 4

wherei =1...Gandt=1...T. Subsequently, the G radio
accesses are allocated to the G scheduled users, resulting
in (user, RA) pairings

(k). 5®) (ks 05() -

A number of alocation strategies can be envisaged, as
described next.

3.1. Random Allocation (Rand)

In this scheme, the G radio accesses are arbitrarily
alocated to the RR scheduled users at each TTI. As
might be expected, the system throughput here is
identical to a benchmark scenario where the users are
arbitrarily divided into G groups, with each group RR
scheduled independently within each RA; the system
throughput is then smply the sum of the throughputs of
the individua radio accesses. Consequently, RR
scheduling along with random allocation does not
provide any improvements in spectral efficiency
compared to the benchmark.

3.2. Maximum Throughput Allocation (MaxTH)

Here, system throughput is maximized at any time t via
the following (user, RA) allocations:

(k). a®) (ks®).9)
)

G
- (@)
= argmax Cun ®)
(U1.81) (Ug.8g) n=1

subject to

Un:1 Ka:,anzl G,Uiluj',ailaj "ilj.

This is a multi-dimensional optimization problem,
whose complexity grows exponentially with the number
of radio accesses G. Indeed, the number of possible
combinationsto choose fromis K !/(Kg. - G)!.

3.3. Best First Allocation (BF)

Here, the alocation complexity is reduced by
performing the alocation in G steps. At each step, m, the
(user, RA) pairing corresponds to the highest remaining
supportable throughput at timet. In other words

(krmi, giml) = arg max CP (1) (6)



subjectto u=1 Kg, a=1 G,
ul {ki|i<nm}, al {gufi<mn}
m=1 G.

The reduction in complexity is expected to introduce
some degradation in performance as compared to the
maxTH scheme.

4. SIMULATION RESULTS

The system capacities resulting from combinations of
scheduling and radio allocation schemes presented in
Section (3) are quantified in this section.

A single-cell scenario is envisaged with a base station
serving K = 20 users on the downlink via atotal of up to
G = 20 radio accesses with TTls of 2 ms. Users are
assumed to be distributed uniformly within a radius of
1000 metres from the base station. Path-loss, spatio-
temporally correlated shadowing as well as multi-path
fading are modelled according to the parameters
described in Table 1.

Table 1: Simulation parameters.
________________________________________________|
- Log-normal shadowing standard deviation sg, = 8 dB.
- The correlation between the shadowing losses at points
adistance d metres apart is modelled as
R(d) = exp(- kd)
where & = 1/20[7].

- Path lossin urban environmentsis modelled as
29 + 35l0g;0(d) [dB]
where d is the distance from the base station in metres.
Thisisthe modified Hata urban propagation model at
2GHz (COST 231) with base station and mobile terminal
antennas at heights of 32m and 1.5m respectively.

- Multi-path channel is modelled as a single Rayleigh
fading coefficient with dynamics based on the Jakes
model at a carrier frequency of 2 GHz.

- Base station antenna gain (including cable loss) = 11 dB.
- Mobile antenna gain (including cable loss) = 0 dB.

- Noise power at mobile receiver is modelled as
10 logso(KT NF W) = - 128 dBW
where mobile noise figure NF = 10 dB,
effective noise bandwidth W= 3.84" 10° Hz,
and KT = 1.3804" 102 290 Watts/Hz.
|

It should be pointed out that the multi-path channel
coefficient between the base station and a mobile
terminal is modelled to be fully uncorrelated from one
RA to the next. This may be somewhat justified by the
assumption that the RA carier frequencies are
sufficiently separated. However, with the RASs typically
operating within the same frequency band, they would
be subject to similar path loss and shadowing models,
and as such, the corresponding channel coefficients are

modelled as identical from one RA to the next. This
implies that uncorrelated multi-path fading is the only
source of differentiation between the various RAS.

The physical layer is modelled as operating over a non-
dispersive single-input single-output (SISO) channel,
with the received signal corresponding to a coded block
(or packet) at thet ™ TTI given by

r(t) =s(t) +n(t) = \/Egh(t) x(t) +n(t) ()

where h(t) is the multi-path Rayleigh fading channel
(unit-variance ZMCSCG") and E{|h(t) '} =1, x(t) is
the vector of transmitted M-QAM  symbols
(MT {4, 16, 64}), with independent elements x(t), such
that R,y = E{x(t)x" (t)} = E,l . The modulator is driven
by block-interleaved coded bits, themselves the result of
rate rd {1/2, 1/3} forward error-correction (FEC)
convolutional encoding applied to the information bits.

Vector n(t) is a vector of i.i.d ZMCSCG elements
representing thermal noise and interference, with
R = E{n(t)n" (1)} = Nol . Note that (7) implies that
the multi-path fading coefficient is fixed over the TTI;
i.e. the TTI is significantly shorter than the channel
coherence time, hence the term block fading. The per-
packet SINR isthen

g0 =2 |h) P ®
0

At the receiver, soft-outputs in the form of log-
likelihood ratios (LLRs) for the bits b, k = 1...10gx(M)
associated with each symbol x(t) are derived using the
max-log approximation and under the assumption of
equi-probable symbols. The LLRs corresponding to an
entire coded block are then block de-interleaved and
applied to the Viterbi algorithm for FEC decoding.

Figure 2 shows the characteristics of packet error
probability and supportable link throughput per unit
bandwidth, C(” (t) /W . Based on a priori knowledge of
the downlink per-packet SINR, g2 (t), for user k via
RA g at transmission time t, the base station is able to
determine the supportable link throughputs, which can
then be used as input for the scheduling and alocation
mechanisms.

The base station transmit power is fixed a 70 mW. This
results in non-zero link throughputs (i.e. gt) 3 -2 dB)
across 50% of the area over which the mobiles are
distributed. Furthermore, a saturation traffic model is
considered, whereby the data buffer corresponding to
each user is aways non-empty.

1 Zero-mean circularly symmetric complex Gaussian.
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Figure 2: Physical layer mode.

Three MRTD schemes are proposed. The first two
consist of round-robin scheduling of the users, followed
by best-first or maximum throughput RA allocation,
referred to as ‘RR+BF and ‘RR+maxTH’ respectively.
In the third scheme, no scheduling is performed and all
users are made subject to best-first RA alocation. This
issimply referred to as“BF".

The three proposed MRTD schemes are compared with
a benchmark scenario where the users are evenly and
arbitrarily distributed across the available RAs. This
distribution is fixed throughout the simulation. Each RA
then operates independently, with users scheduled
based on the round-robin, or maximum C/I (or SINR)
criteria. These will be referred to as ‘Ind RR* and
‘Ind maxC/I’ respectively.

4.1. Ergodic Evaluation

Here the mobile locations and channel propagation
characteristics are chosen to be independent from one
TTl to the next. This allows an evauation of the
system’s spectral efficiency over a TTI, when averaged
over the ensemble of al possible mobile locations and
channel conditions, removing any bias with regards to
specific scenarios. The results are presented in Figure 3.

Figure 3aillustrates the impact of the number, G, of RAs
on system spectral efficiency. As expected, spectral
efficiency is independent of the number of RAs when
users are independently RR scheduled within each RA;
i.e. the total system throughput increases proportionally
with the number of RAs. The same applies when users
are RR scheduled and randomly alocated to the RAs.
However, RR scheduling in conjunction with BF or
maxTH dlocation can result in improved spectral
efficiencies (~40% with G = 4 RAS).

Spectral efficiency actually degrades with an increase in
the number of RAs when users are independently

maxC/l scheduled within each RA. The reason for thisis
a reduction in the number of users per RA, and hence a
drop in multi-user diversity (e.g. with G = 20, there is
only one user per RA). BF alocation across the pool of
RAs improves the diversity, resulting in improvements
in spectral efficiency (~25% with G = 4 RAS).

Figure 3b simply illustrates how the schemes based on
RR scheduling do not benefit from multi-user diversity
with increasing numbers of users for a fixed number of
RAs.
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Figure 3: Ergodic evaluation of spectral efficiency.
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4.2. Non-Ergodic Evaluation

Here the mobile locations and channel propagation
characteristics from one TTI to the next are dictated by
the mobility of the user terminals at a speed of 3 knvh.
System performance is evaluated over an interval
corresponding to 1000 TTIs, or equivaently of 2
seconds. Over such a short interval the values of path-
loss and shadowing do not vary significantly, and any
variations in channel quality are predominantly due to
the dynamics of multi-path radio propagation (Doppler
frequency of 5.6 Hz for a 2 GHz carrier). The spectra
efficiencies areillustrated in Figure 4.

The results follow trends similar to those presented in
the ergodic evaluation. However, due to their
dsgnificantly differing link budgets, the mobiles
experience widely different qualities of service over a2
second interval. This is a key difference from the
ergodic scenario, where all mobiles experienced similar
throughputs due to their independent relocation at each
TTI. As aresult, the system spectral efficiency does not
necessarily grow with increasing numbers of users.

The above isfurther illustrated in Figures 5 and 6. These
indicate the actual throughputs, as well as the number of
packet transmissions, per individual user for the various
scheduling and allocation schemes and for G = 4 RAs.



As expected, with round-robin scheduling, every user is
serviced with an equal number of packet transmissions.
This is naturally inefficient, given the widely differing
link budgets of the different users. As can be seen,
independent maxC/l scheduling and BF alocation both
remedy the situation by providing priority to users with
favourable channel conditions.

Furthermore, note that with independent scheduling, the
users in RAs 2 and 3 have such poor link budgets that
they receive amost no throughput, while users 2 and 16
exploit most of the resourcesin RAs 1 and 4. It can be
seen that, while users with very poor link budgets cannot
be helped, the use of RR scheduling with BF allocation,
and BF allocation both allows users with fairly good
channel conditions, i.e. users 19 and 20 to benefit from
the increased available throughput.

K=20 users G=4 Radio Accesses

+ Ind RR

X Ind maxc/i

O RR sched + Rand alloc
O RRsched + BF alloc

v & RRsched + maxTH alloc
25t S Pl 25

~ ~
z z
) )
= =
= =
> >
2 2
S 2 vV
£ v £
w15- w15
= x v = N x
3 x V. 3
o \Y4 o
& v & v
1 V. 1 %4
N V. g Nl
2 Vs, 2 o o
& X 0000ZE & o
68800000000000C80 * O om0
050 ©® 05 000g, 000
©8OEE00008000000000% + 0000+ 4
+
0 0
0 5 10 15 20 0 5 10 15 20
Number of RAs: G Number of Users: K

Figure 4: Non-ergodic evaluation of spectral efficiency.
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Figure 5: User throughputs & packet transmissions for G = 4.
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Figure 6: User throughputs & packet transmissions for G = 4.

5. CONCLUSIONS

The problem of joint scheduling of users across multiple
radio accesses was considered in the context of a multi-
radio wireless communication environment. To this end,
a number of scheduling and radio access allocation
mechanisms were proposed and their performance
compared with benchmark scenarios where scheduling
occurs independently within each radio access. It is
shown that with four radio accesses, potentia
improvements in system spectra efficiency of between
25% to 40% can be achieved.
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