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Abstract—In this paper we analyse the performance of a was conducted in [2]. Other proposed systems include:
relay based UMTS system in an urban environment using an enhanced ad-hoc (Global System for Mobile com-
multiple hops on multiple frequency bands. Measurement  nications) GSM network [3], a Unified Cellular and
based path loss, fading and shadowing models are used in Ad-Hoc Network architecture using 802.11-based peer-
the Manhattan grid deployment scenario. Both uplink and : :

downlink operations of the cellular system are considered to-peer links [4], an Integrated Cellular and Ad Hoc
at the same time. Two hop communication links over the Relaying system which dynamically balances the traffic
uplink and downlink are operated at four non-overlapping  heterogeneity among cells [5], a Multihop Cellular system
spectrum bands in order to minimise interference. This re-  \\hare every mobile user participates in relaying [6], a
sults in several possible frequency schemes. Power solutions UTRA TDD system augmented by Intelligent Relaying
are derived analytically for the selected frequency schemes. . ; -

The system performance is evaluated both by simulation and ~capability [7], fixed relay systems [8] — [9], and wired
analysis and improvement by employing relays is shown. relay systems [10]. The relay routing was researched
Index Terms—UMTS, Cellular, Relay, Manhattan Grid. by [11]-and the DownLink (DL) throughput in [12].

In this paper we evaluate the performance of a relay-
based UMTS system in an urban environment. We focus
on UpLink (UL) capacity while considering the DL

With the mobile communications technology becomingtransmissions as well. We use fixed (optimally positioned)
more and more widespread, urban outdoor environmerdr mobile relays and an empirical path loss models,
usually has a high density of idle terminals. It is to thesuitable for an example urban network laid out on the
network operators’ advantage to harness the omnipresenianhattan grid. We identify different frequency allocation
of these terminals that are capable of communicatingschemes for allocating frequency on the two hops of
These idle terminals can be used as relays for users whiclbmmunication (source to relay and relay to destination)
experience unsatisfactory quality of the direct link with on two different links: UL and DL. We compare two
the base station. Strategically placed fixed relays, witlpromising schemes with respect to their power saving,
infinite power-supply and directivity-gain capabilities, canunder optimum relay positioning. Optimum relay position
also be deployed for the same end. This establishes ig found by an exhaustive search, and to this end, we
multi-hop communication link, as opposed to the con-propose an analytical approach to find the power solution
ventional direct communication link. By breaking the of the whole system for an assumed relay position.
link into multiple hops the communication is enabled Additionally, we assume directional antennas with varying
while transmitting reduced powers, which consequentlyantenna gains at different transceiver nodes and observe
is translated into lower interference margin in the termi-the effect of this variation on the optimum relay positions.
nal receivers. As the conventional Code Division Multi- We show that the introduction of relays in the UMTS
ple Access system is interference limited, reduction insystem saves power (as a consequence it generates less
interference accommodates the service of more usertterference to other systems as well) and also increases
i.e. improved user-capacity, and for better performancethe maximum achievable load factor by 6%. For a more
i.e. coverage extension for high data rate services. realistic system (shadowing, mobility model, random user

Owing to the potential benefits of relaying, there hasdistribution, practical transmit power restrictions) we re-
been an upsurge of interest in multihop mobile net-sort system level simulations to show that for a given
works. Initially a multihop routing protocol-Opportunity outage probability relaying can achieve higher load factor.
Driven Multiple Access (ODMA)-was considered to be The rest of the paper is organised as follows. We
applied to Universal Mobile Telecommunications Sys-present the model, deployment scenario, and assumptions
tem (UMTS) Time Division Duplex (TDD) [1]. Re- in the next section. We identify the frequency allocation
visions of the standard discontinued due to concernschemes and present the motivation to analyse two of
over complexity, battery life of terminals-on-standby, andthem. Section IIl presents the relevant analysis to find
signalling overhead issues. ODMA capacity investign  the power solution for a given Base Station (BS), Relay

, , , — , Station (RS) and User Equipment (UE) positions. Selected

This paper is an extension of “CDMA R}elaymg in Multiple Frequency frequency schemes are compared in section IV and con-
Schemes in a Manhattan Environment,” by K. Konstantinou, and C.

Tzaras, appeared in 24th IEEE VTC, Baltimore, O. '(.2007 IEEE.  clusions are discussed in section V.

I. INTRODUCTION
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Figure 1. The urban cell overview. The frames refer to Fig. 2 and Fig. 3

The BS locations (triangles) and grid dimensions comply with [14]. Figure 2. Uniformly distributed terminal positions on the Manhattan

grid.

Il. MODEL AND FREQUENCYALLOCATION SCHEMES  gjigng of the neighbouring cell terminals are also plotted.

A. System Model Description The examined cell is shaded. Terminals are assumed to

. be positioned on a line, in the middle of the road.
The UL of a UMTS Frequency Division Duplex mo Only two MOs are considered per cell, one at either

bile network is considered. Whereas in the conventlonaléide_ The positioning of the two respective RSs was

Single-Hop (SH)-only, UMTS system there are two typeS(Performed by exhaustive search along the line of the main
of terminals, namely BS and UE, in the relay-enhance ; ) . )
road and side street (inclusive of street corner), seeking

UMTS there is a new type: the active repeater transceiver .~ . e
o . . . to minimise the interference at the BS, thus maximising
RS. It is imperative that our analysis have a multi-cell
nature, in order to take into consideration the potentia
traffic diversion function of relaying [13]. Therefore,
our analysis focuses on a single cell and, by assumin%
symmetry in the link topology, the multi-cell system is
modelled by the introduction of the other-to-own cell
interference ratig). Note herein that, in the case of traffic-

Pystem capacity [16]. Preserving the symmetry, the RS
positions are symmetrical about the BS location.

Each RS is assumed to possess two antennas: one for
e BS RSanty ) and one for the MO linksKSantpsp).

In accordance to the RS position (on the main road,
at the corner, or inside the side street), each antenna
may be considered to have a different radiation pattern.

diversion relaying, due to the assumed symmetry, therE.g. inside the side-street, the system performance would

W'I.I be equ_walently, similar relayed links ongmatmg from be benefitted if the peer-to-peer (P2P) antenna featured
neighbouring cells routed to the BS of the examined cell.;.” """ .
. directivity gain towards the MO, however, at the same

The selected deployment is the urban Manhattan gri . o ; . .
L N S location, a similar gain-lobe consideration for the
The urban-cell in this scenario differs fundamentally from X ; i :
Last-Hop (LH) antenna is unimportant; see Fig. 3. The

the classical circular or hexagonal cell-shape aploroaCrlliigure shows the radiation pattern (azimuth) of the two

This is due to the cell-extension-along-the-street patter . . :
. : S antennas, depending on the RS location. The elevation
and the inherent shadowing caused by the corners of the .~ . .
- : ) . radiation pattern, considered to be of the same shape as
building blocks, creating coverage-holes; see Fig. 1.

o . in the azimuth, is assumed to have its peak gain towards
Let the Mobiles in Outage (MOs) are the UEs which are h
. L . . B M . N h h
opted for multi-hop communication and Mobile Stations ¢ BS ®Santuu) or MO (RSantp,p). Note that, when

. L . the R iti th i thei tt
(MSs) are the UEs in SH-communication with the BS. e RSs are positioned on the main road their patterns

o . . are facing each other, however, the interference between
We can d'St'ngu'Sh Fhe f(ermmals RSs a}nd MOs in acCothem is reduced, assuming the elevation-angle difference.
dance to their participation to the two different functions:

Il and oth Il relavi Y i has b The assumed path loss models, for the SH and relay
same-cell and other-cetl refaying. HOWEVer, It has .eerz:ommunication, and several system parameters are sum-
shown in our previous work [15], that same-cell relaying arised in Table I. We choose the WINNER 11 [17] path

importance is of lesser extent, so that only other-celfgss model, referring specifically to a Manhattan-like grid

relaying will be considered in the paper analysis. Note ) . -
that, in the other-cell relaying, the MOs are UES, WhiChstreet layout. This model and the jointly used P2P model

in the conventional UMTS would be serviced by thefor street-level links [18] are both empirical in nature.
neighbouring cells, but in the multi-hop UMTS are opted _

to relay their traffic to the examined cell's BS, via the RS.B. Frequency Allocation Schemes

Fig. 2 plots the different terminals and their positions on A two-hop system is examined. We assume that, the
an examined cell and its immediate neighbours. The poassumed system uses two pairs of 5MHz channels: two
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o151 Frame b 1) Concurrent transmitting and receiving in the same
2 - frequency carrier, provided that no interference can-
% o1l 7 cellation at the BS and/or RS is assumed.
§ _ 2) Serving the sum of users from both frequencies in
I 005p _ main road N\ one carrier, due to capacity limitations at the BS.
el N NG ey . . .
I 0 é)}, ™ BS s ‘Eb S Tanking into account the above restrictions, the four
o N’ R N SH links can only be accommodated, each, in a different
S 005 = — carrier. Having established the SH links in the four
= : . . .
- - - - carriers, each of the LH links have the choice to be
01 o 01 02 accommodated in two different carriers (e.g. the LHiil
Normalized x-coordinate the carrier with SHft or SHf2t). Finally, as regards with
O RS P2P LH‘ the P2P links, the accommodation choices are given by

example. The P2Pflhas the choice to be accommodated
in two different carriers (any carrier, excluding the one

Figure 3. Directivity gain lobes oRSant;,y and RSant .
R e being employed by LHf1 links). The P2Rflcan only

TABLE I. be accommodated in one carrier (the one which does not
SYSTEM PARAMETERS. MCL: MINIMUM COUPLING Loss SINR: accommodate LHf1 or the P2Rflinks). Similarly, the
SIGNAL TO INTERFERENCENOISE RATIO. P2Pf2" can be accommodated in two different carriers
Parameter wlue and P2Pd2 in one. The different frequency schemes that
Inter- EOS'/’,‘\;g"ggi'nfa“o'? N ,0352 (Ejlr?]]ni) a  € produced, are 64 in number. Further restriction in the
RS Gain Gngs € (0,11)dBi link accommodation would be to allow only three types
RS radiation pattern [20] of links in each carrier, providing thus relative equality
BS/RS/MS Height 5/3/1.5m [21] in the link distribution among the carriers, which narrows
BS/RS Thermal NoiséVgs/Nrs/Nwms -103/-99/-99dBm [14] down the different fr n 9 hem t, 32
Path Loss Model SH/LH: [17], P2P; [1g] dOWN Tne difierent irequency schemes 10 52 cases.
Effective Height 1.0m [17] Different frequency schemes alter the interference re-
SIE’SQTU;”Q’ deven dsriﬁ[rzzﬂe 22 ception by defining the terminals that are assigned to
a . . . .
MCL LH,gSH P 53dB [14] receive a_lt a particular carrier, SO that if, for example a RS
MCL P2P 32.4dB¢pop = 0.5m) is receiving a great deal of interference from nearby SH
Band-Width W 3.840Mcps[22] users in one scheme, changing the frequency allocation

the RS may be switched to transmit at the said frequency
band, thus shifting the interference to the BS. This is

UL (f11, f21) and two DL carriers (f, f,1), and that both more apparent in Fig. 4, which plots schematically the
UL ban,ds are used for both SH an,d mL,J|ti-hOp links Weoccurring links between the terminals for two carriers and

also assume frequency orthogonality between the hopg\{v_o_frequel_‘ncy schemes (FS1 anq FS2). In Fsl the P2P-
the MOs use two carriers (one UL and one DL) fororlgmatmg interference at the BS is lower than in the FS2.

the MO-RS links (P2P), and the other two for the LH lgi'm%rfgsezncﬁ levels at tr|1e IRtS are fatlﬁo ?Itered_tbetween
links. E.g. the MOs in f1 (MOf1) employ RSs (RSf1) to an » NOWever, calcuiation of the fransmit power

communicate with the BS, thus forming the P2PfL anJeVE|S in the system is required, for adjudicating on which
LHf1 links. each of which r,nay be occurring in either of of FS1/FS2, the interference at the RS receiver is less.

the 11, 21, f2|, or f1| carriers; see Table II. Note that, The 32 different frequency scenarios can be classified

the relay-formed links are denoted by the frequency of th 'ntod tt\)N? broad ga‘rn]egorie_s depending on ]:[hﬁ frequency
respective MO, not by that of the employed carrier. In the'@@d-balance and the carrier concurrency of t e1Parl

above example, the P2Pfl and LHf1 links are denoted b)'7HT/SHT commur.nca}non links. We indexed the classes:
f1, although any of them may be occurring in an 2 carrier. @)  evenly distributed load and concurrent UL,
The data channels for duplex relay communication are @) evenly distributed load and non-concurrent UL,

formed by combinations obtained from the following grid: ~ €) uneven load and concurrent UL, and
d) uneven load and non-concurrent UL.

There is a sole frequency scheme in class a: the already

I;SZHP f1 |1 referred Frequency Scheme | (or FS1). The same as for
TTRRER class b: Frequency Scheme Il (or FS2).

Furthermore, unevenly distributed load can be dealt
with frequency-band handover. Therefore, in this paper
Twelve different combinations (data channels) are formedwe will focus on FS1 and FS2); see Fig. 4 and Table II.
by combinations of one element from each column. Thesén Table Il the latin numbers | and Il denote the two Fre-
channels need to be admitted in four system carriers. quency Schemes. The transmit/receive status (Tx/Rx) of
In admitting channels in the available carriers there aré¢he RS, dictated by the LH connectivity is also provided.
several link concurrency-restrictions that define avoidance The users are placed at fixed positions, uniformly
scenarios. The following cases of avoidance are reckonedistributed in the cell. Therefore, with the assumption that
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MO RS

; SHf, T SHf path gaing of a link with receiver at BS, requires merely
BAS i the transmitting source index. Note that, the directivity
f transceiver gains and the non-reciprocal P2P path loss
> model, generally maps tg; ™ # g5,
§ On the other hand, the variables which are associated
3 with the receiver end, i.e. the thermal noigé and
= the total interference at the receivér have a single
w superscript, which defines the receiver type. The subscript
refers to the index of the receiver of that type.
E
g B. Transmit Power Solution for the Frequency Scheme Il
[8]
‘g Equation (1) applies in each linkof the system [22]
(]
w pigiW
+ a;r; = s 1
7 (L+n)Ii — pigi + N @)
_ where the superscripts are omitted for equation generality.
Figure 4. Frequency Schemes | and Il The calculation of the system transmit powers, of a non-
TABLE IL. relaying and a relaying network (FS1), was achieved by
ARRANGEMENT OF THEMULTI-HOP UMTS LINKS. employing (1), in our previous work [15].
it fol fol il Similar to that analysis, the achieved SINR can be
SH SHfi 1 SHfat SHfa| SHfi | expressed with (1), for every data link of the FS2 multi-
LH LHf1 1 (|)Ls;|23¢¢ (I)'-Eééh LHf1) hop system. We assume that the number of users in the
RSfy T () P2Pf| (i) P2Ph 1 Rx frequency band isM and thatR users are using the
Rs, () P2PBT Tx Rx (Y P2PR] relaying function, so that there at@ relays in the cell
(I P2Ph{ (I P2PiT and M — R users are in SH link with the BS. We will

assume that the only other-cell relaying interference is
existent in the system, as suggested in [15].
that Analysing the {1 frequency carrier (see Table II), the

the two frequency bands are equally populated, and
q y qua’y pop théotal received power at the B$PS, is given by

in both bands the terminal positions are matching,

P2P transmissions which are related to the MOs of the SH
second band are coinciding with the P2P links of the MOs
pertaining to the first band. This facilitates the analysis, Z Ms Ms BS

because the powers can be shifted to a single frequency.

The presented analysis is effective for a network op-
erator which deploys in two UMTS frequency bands. Z pRS¢gRSf2,BS +Z pRSTgRSfl,BS. )
However, the analysis is similar to the one if more or I 7
a sole frequency band is used. This is because shifting

the powers to a single frequency is equivalent to use the pap LA
same frequency band for P2P, LH and SH links. Similarly, the total received power at each Mf&ceiver,
namely IMO, is givenVi = 1, .., R by
[l. SYSTEM ANALYSIS SH
A. Summary of Notation M—
. . . S, O
We represent the total path gain (inclusive of antenna M Z e ;\/I "
gains) byg, power byp, achieved Signal to Interference j=1
plus Noise Ratio (SINR) by, service bit-rate by, and RSL_RSf, MO R RST RS, MO
an auxiliary parameter by throughout the paper. The ZP gD MO LN " pltST gish, 3)
transmitting source is defined on the superscript of the J=1
above variables. Especially for the total path gaimve p2pP LH

define first the transmitter and then the receiver, separated

by a comma. The subscript on the said variablgsp, We definevi = 1,.., M — R andvj =1,.,M — R

and ¢, denote the index of the superscripted terminals. Mg MS,BS if i =

Particularly for the path gaiw, which is defined by a Aij = %\/Is és if i #£j and

couple of terminals, two indexes are required, written in sz BS J 4

the same order as the referred superscripted transceivers Bij =g;°7” )
. .. X {%Sfl BS

and separated by a comma. Since the analysis is confined Ci; =g;

to a single cell, a sole BS exists, and therefore the total n}5"" = —Npg/(1+17)
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Vi=1,.,M — RandV¥j = 1,.., R. We also define/i =  IMS, is given by
1,.,RandVj=1,.,. M — R
SH
Dij = g;\’/ls o and & BS,SH BS MS
RS¢ Rng,MO i Z +
Ey,; = ﬁ % o pt
1,7 Sf2, O if 275] (5) n
F,; = gRSfl ;MO ZPMO MlO MS p;as LHgis MS - (13)
MS ;
n; = NMS/(1+77) j=1
Vi,j=1,..,R. And finally, Vi = 1,.., M — R andVj = Pap tH
1,.., R, we define Similarly, the total received power at each RSfeceiver,
namely I;*2, is givenVi = 1,.., R by
G, =gV and
HJ gﬁng,Bs SH
2,7
BT gRSTBS e
if i=j RSfy _ BS,SH BS,RST
Jij { ﬁSfl,fas if i £ ;= Z b; 95+
= 7NBS/(1 +) MO, RSF. BS,LH BS RS
1w (®) > gt 2+ZP g (14)
1,7 =1,.., R, where ;
M =1- M ,Vi=1,.,M —R P2 H
sy Likewise, the total received power at each RSEceiver,
i =1- M Vi=1,., R namely 7751 | is givenVi = 1p Rb "
RSt 1+W/(r‘-‘gTaRST) ; Ya e T
q. :17# ,vlzl,..,R.
i n SH
(7 —
Defining -
IZ_RSfl _ Z S SHgBZS RSy
T N BS,SH BS,SH BS,SH j=1 ! ”
nBS,SH =\ y ey Ty sy R
T MS MS MS
nys = (S, . n nh®) (8) MO, RSf; BS,LH BS RS,
nT o (nBS,LH nBS LH nBS,LH) Zp Uk +Z - (15
BS,LH - 1 3 o0y 1 yey It
i i . P2P LH
we obtain three sets of linear equations
We definevi =1,..,M — RandVj=1,..,.M — R
Apys + Bprg, +Cprsy = DessH 9) BS,SH BS,MS T
Dpys + Epggy + Fpggr nyis (10) K;; = gﬁs s 7 it ; i and
Gpus + Hprs) +JIprsy = nesin  (11) I OMS
1,7
%s MS
Solving the system of equations for the transmit powers, Oij =y
Pums, Prsy. and prsy, the only invertible matrices are: , ) (,16)
A, E, F, andJ. Following similar analysis, as in [15], ‘= L-»M —Randvj=1,.,R. We also definé/i =
we obtain the solution: L,.,RandVj=1,.,M-R
_ BS,RSf,
[E-DA'B+%(GA'B-H)| ' Ty = and
= -1 MO MO,RSf> if i =4
PrRs| = [nvs — DA 'ngg su+ Qs =4 94, % =7
® (GA 'npg s — nBs,LH) ] " 9ji Ot ifi#j 17
prst { Y (GA™'B—H)pyq + S.; = gfis’RSfZ
Y (nps.Lu — GA 'nps sn) nfS = —Ngs/(1+n)
pus = —A'Bpgrg; — A ! (Cprst — DassH) o _ , ,
d - (F _ DA—lc) T Vi,j =1,..,R. And finally, Vi = 1,.., M — R andVj =
r - (J B GA‘lc)_l 1,.., R, we define
(12) U BS,RSf, and
where & and Y are auxiliary matrices. However, the "7 “{ro.Rst,
transmit power solution given in (12) does not describe Vij =9;
the transmit powers of the MOs. These will be inferred .~ _ qu’LHg;;-E?’S’RSf1 if i =
by analysing thef|; see Table Il. R if i j
The total received power at each M@&ceiver, namely (18)

© 2008 ACADEMY PUBLISHER



46 JOURNAL OF NETWORKS, VOL. 3, NO. 7, JULY 2008

TABLE Il

SUBSTITUTIONS FOR PBS SH, PMO, AND PBS. LI upper subplot, the range of the system transmit powers, at
= - 68.75% loading-factor, over a range of RS directivity-gain
substitute wit . .
ABCDEFGHT KLOPQSUVX values. 'T.he .Iovygr s;lbplpc: shows tr|1e reslpgctlve optl_r|1_1r?l
PMS, PRSL, PRSt, DS PBS.SH, PMO. PLH, DRSO RS position inside the side-street (lateral distance). The

transmit power solution and RS position for the case when
both RS antennas are omnidirection@ings = 0dBi) is
also plotted with markers, in both subplots. The power
Vi,j =1,.., R, where range is provided with the minimum (min), maximum
(max), and median (med) values. Only the UE (MSs
and MOs) UL powers are considered, for two reasons:
g0 =1- w Vi=1,.,R fair comparison between non-relaying (NR) and relaying
BS,LH 1+W/(TBg’LHaBS’LH) . systems, and because the fixed RSs can be thought as
q; =1- 2 2 Vi=1,.,R. . . .
v active repeaters connected to the power grid. The transmit

T+n
(19) : , )
i T _ (RS RS RS - powers in the system are piloted for the three following
Defining ngs = (n1'®,..,n;*%, ., n;°) we obtain three cases: NR, relaying with FS1 and FS2.

BS,SH_BS,SH
PSS o EW ) i1, M- R

sets of linear equations, from which the three differen
transmit power vectors can be determinpgi su, pumo, When no directivity-gain is considered, FS1 provides a
andpgs Lu. The analysis for obtaining the transmit power power solution which features narrower range of values
solution is similar to the already presented, thus it isbetween the minimum and maximum, compared to FS2.
omitted. The solution is given by (12), by performing the This is a desirable feature, because it raises the probability
substitutions as summarised in Table III. of all transmit powers lying within the constraints. The RS
Employing (12) and the suggested substitutions, compositioning is also different between the schemes: in FS1,
p|ete know]edge about the system powers is acquiredhe RS is best-positioned at the street corner, whereas, in

given the UE locations (path gains) and quality targets. FS2, deep inside the side-street. This is most probably
because in FS2, the additional relay interference caused

by P2P%| link, at the BS receiver, is originating from the
RS which is situated closer to the BS, whereas in FS1, the
relay interference originator is the MO, which has a bad
A. Analysis channel with the BS. The introduction of directivity-gain

In the preceded system analysis, uniform user distrialters the power solution and RS optimum-positioning.
bution and fixed positions are assumed. However, théhe directivity isolates the BS receiver from the relay-
location of the RS is not defined, but can be at anyelated interference, so that both schemes perform, in
position in the centre of the main-road, side-street, oférms of average and maximum power, in a similar
at the corner. The RS position on the overview mapashion. The RS positioning is also relatively the same
alters the RS gain-related matrices which provide with thd€tween the two schemes, and inside the side-street. This
transmit power solution of the system. Thus, the perforiS the optimum position for several reasons: the MO-RS
mance investigation between the two examined frequencyk is in a good channel which is also reinforced by
allocation schemes, starts with a study on the optimunihe directivity gain, the RS-BS link is in a good channel
RS position. The selected criterion for the analysis wa$Wing to the BS antenna gain and height, the relay-
to minimise the interference at the BS, as in [16], so as téhterference is isolated within the side-street and at a very
be compatible with the simulation RS selection algorithm Jow level. Furthermore, the minimum power is different
performed to maximise the predicted overall SINR [23]. between the two schemes for the sa6aers value.

Thus, for each frequency allocation scheme, we first Fig. 6 plots the range of the same transmit powers over
obtained the transmit power solution for a number of RSa range of system loading factors, for three different cases:
positions, selecting as optimum the one which minimises\R, relaying with FS1 and FS2. This Figure corresponds
the interference. Furthermore, as regards to the benefit @ Gngrg = 11dBi, and RS optimally positioned. Both
the directivity gain at the RS transceiver antenna, differenfrequency schemes are implemented with lower transmit
RS antenna gain values were tried. powers than those involved in the NR case, among all

For simplicity purposes, the same gain values wereystem-loading levels. Higher power reduction is achieved
tried between the antenna employed for links to the B&t low transmit-powers, which is more evident in high
(RSantp ) and MOs RSantpop), NamelyGngg, in the  load-factors, and is suggestive of potency in increasing the
rangeGngs € (0, 11)dBi, between the RS patterns being data-rate of the respective links. This potential increase
omnidirectional (fortGngs = 0dBi) and having equal gain in spectral efficiency is also slenderly apparent, since the
as the BS (11dBi). In order to achieve the required gaimelaying power solution curves extend further in higher
values, the radio pattern (acquired from [20]) was scaledbading-factors than the NR counterpart: 6% increase in
down by multiplication with a suitable coefficient. the maximum achievable load-factor was calculated for

For each tried gain value, the exploration of the op-8 users of equal data-rate. FS1 and FS2 coincide in
timum RS position was re-performed, in search of thehe median curve. Non-concurrency in UL is shown to
minimum interference in the system. Fig. 5 plots, in theaggravate the system performance, compared to FS1.

IV. COMPARISON BETWEEN THEFREQUENCY
ALLOCATION SCHEMES
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20 TABLE IV.
e ' ' ' ' ' NR ANALYSIS AND SIMULATION CONSIDERATIONS MAX: MAXIMUM ;
% -30 ¢ Jmax | Fs1 ESTIM.: ESTIMATION
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of minimum system transmit-powers, each of which lies
within the power boundaries and satisfies the link-quality
criteria. However, the solution to the stated problem may
*not always be realisable, when some of the equations (12)
are not satisfied. This occurs for higher system loading
values, where the MSs closer to the cell-edge are required
to transmit at higher level than the permitted in order to
The assumptions presented in the analysis, map tpreserve the rate of service. Table IV summarises some of
a system which lacks realism. This is because, severghe assumptions considered in the analysis and simulation.
propagation and realistic features (shadowing, transmit The dynamic, multicellular, system-level simulation
power limitations, user-mobility, multi-cell deployment, that we developed for mobile or fixed relays, enabled us to
etc.) were simplified or ignored. In our endeavour toexercise all frequency allocation schemes for their evalua-
amend in realism, the above realistic assumptions diction. The simulation model and a list of its key parameters
tated directing our interest in developing a system-levehre provided in our previous work [23]. The main output
simulation to include their effect on evaluating the systenof the simulation is the outage probability, i.e. the proba-
performance. This subsection, firstly, discusses the effedility that the recorded-SINR is below a threshold-SINR
of introducing transmit power restrictions, and, in succestevel, which is plotted in Fig. 7 over a range of system
sion, presents the system improvement by employing thibading-factors, for the following three cases depending
relaying technology, over the NR case. on the number of relay-enhanced frequency-bands: no
The transmit power limitations [14] are imposed to con-band with multihop capabilities (Non-Relaying), relaying
vey the powers within practical boundaries: the maximunonly in f1 band (Relay 1 freq), and relaying in both f1
limit is enforced due to health considerations, and theand f2 bands (Relay 2 freq). For 5% outage probability
lower limit is imposed so as to prevent communicationthe capacity of the system increases by 50%.
sources in good channels from transmitting in very low The additional realism alters profoundly the transmit
power (technology limitation). The power limitations, if power solution between analysis and simulation. This is
included in the analysis, renders the power solution enmainly because the powers are constrained within limits,
deavour, to a bounded minimisation problem. The explicidrifting all levels towards the same direction. Addition-
expression of the minimisation problem is: define the seglly, the statistical shadowing creates opportunities of

Loading factor [%]

Figure 6. Range of the system powers in FS1, FS2, and NR case

B. Simulation
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