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_Abstract—In this paper, we analyze the effect of interference  In this paper, we analyze the effect of ID on the capacity of a
diversity on the capacity of a cellular system that employs cellular system that employs FH, PC and bit-interleavededod
frequency hopping, power control and bit-interleaved coded 44y jation (BICM). A channel model that includes the eféect

modulation. Interference is created when the hopping patterns f fadi d path-I . d. Th f f t
of adjacent cells intersect with the patterns of the cell of interes of fading and path-loss IS assumed. 1he performance or two

with a probability that depends on the occupancy of each cell. T€Ceivers is analytically evaluated; a receiver that tattie
However, due to frequency hopping and power control, the power interference power variations and one that doesn’t. Ounmai

of the interference varies randomly across the received symbols conclusion is that, under small long-term signal-to-ifgesnce
creating what is usually named in the literature asinterference (SIR) ratios, which correspond to the user being situatesec!

diversity. We explicitly take into account this randomness and, . . . ” .
under a channel model that accounts for fading and path loss, to the boundary of its cell, increasing the decoding comipjex

analyze the performance of two receivers; a receiver that treks albeit ignoring the interference variations results in aatm
the variations of the interference power across the received performance improvement. In other words, trading decoding

symbols and a receiver that remains oblivious to these variations. complexity with an interference tracking capability can be
Our results demonstrate under what circumstances the additiona  qre peneficial in terms of the error rate performance. A
complexity of tracking the interference power variations is . . N
justified. variety of numerical results are presented which illustitais
point.
The rest of the paper is structured as follows. In section Il
our system model is described. We proceed with the analysis

Frequency hopping (FH) combined with coding is a widelih section Il Section IV includes the numerical resultsian
used technique at the physical layer of cellular systemes. Fgection V concludes the paper.
guency diversity is attained, if the channel frequency cesp
varies over the hopping distance. More importantly, therint
cell interference is “spread over” different users and nerus Consider the downlink of a synchronous cellular system
is subject to worst case interference conditions. Thiscefie Which is slotted in time and frequency. For simplicity, assu
usually calledinterference averaging (IA) and the variation there are only two circular cells with radiu, a base-station
of the interference power across the received coded symbdbs, @ = 0,1, at their center and uniformly distributed users. A
interference diversity (ID). user in the cell ofB, is taken as a reference (user of interest,
ID is the result of FH, since some time/frequency slotd!), thus the signals transmitted 1y, generate interference
are interfered and some are not, depending on the syst@rﬁhe IlnkBo-UI. The selection of .the dpwnlmk direction for
load. However, even in a fully loaded system, ID is present §f€ evaluation of the performance is arbitrary. The analgan
the interfering users are power controlled. Knowledge ef /IS0 be carried out in the uplink, with the proper modificasio
interference power at each received symbol can improve thethe distributions of the random variables involved.
reliability of the respective decoder metric and thus theraly ~ The bandwidth is divided intd/ flat-fading frequency bands
error performance. This is similar to exploiting channeitet OF subcarriers (the term subcarriers is more appropriateén
information in a single-user fading channel (coherent em-n context of a FH-OFDMA system, see [4], [7].) Each user
coherent detection) or the knowledge of unreliable symbdfs assigned a hopping pattern, which chooses a subcarrier in
in errors-and-erasures decoding of Reed-Solomon codes [§ch time slot. We assume that the patterns within a cell are
The effect of ID is qualitatively analyzed in [2]. A specificorthogonal, so that there is no intra-cell interferenceweleer,
construction of patterns that achieves perfect IA is descti If V1 users are present in cdl] then there is a probability of

in [3] and more recently in [4]. Other related work on thdntérference of any hopping pattern in that cell with thetgrat
topic includes [5], [6]. assigned to Ul, equal tp = N;/N. It is also assumed that,

within the span of the error events in the decoder of Ul, the
This work was supported by Ericsson Grant 02-10109 and by $Cdvery mterfgrence IS du_e to different U_SGI’S. In other Words’ vee ar
Grant com04-10173. studying a scenario of complete interference randomizatio

I. INTRODUCTION

I[l. SYSTEM DESCRIPTION



construction of hopping patterns that fits this statistioaldel
can be achieved with the help of Latin squares, as described
in [3].

According to the basic BICM setup [8], the binary infor-
mation stream to be transmitted B3 to Ul is encoded by a
convolutional encoder. The binary codewatds interleaved
and Gray-mapped to symbols fromM-QAM constellation,
M = 2™, yielding the symbol codeworde. At time £k,
each symbolz, ;. (normalized, such thak[|zo|*] = 1) is
transmitted on the subcarrier selected by the hopping rpatte
of Ul. Under perfect PC, the received symbg, is given by

yr = VYHorTok + 1/ YR=Ur% ape'® Hy oy g + ni,
= VVHokzok + 1), (1) (2/b,1) [9]. The empirical pdf of —10logr’ is shown in
The different terms in (1) are as followg:denotes the received fig.2. The plot demonstrates the wide range of values that the
SNR, H, , ~ CN(0,1) the fading coefficient fromB; to UI, interference power or, equivalent§yIR;, = 1/(Br?) can take,

;. the transmitted symbol fronB; andn, ~ CA'(0,1) the atany given timek.
additive noise. The power trgnsmitteq #y, is attenuated IIl. PERFORMANCEANALYSIS
by the factor R=°, where R is the distance betweeiB; . .
and Ul andb > 0 is the path loss exponent. Ib is the A Bit éror probability of BICM
reuse distance, i.e. the distance between two base-station We consider two receivers, one that takes into account the
the cellular system using the same set of frequencies, thetiation of{;, across the received symbols (receiver 1 - R1)
R? = D? +r2 —2Drqcosf (see fig. 1). The distance betweerand one that doesn't (R2). Both R1 and R2 have perfect
B, and its user whose pattern may be scanning the sakm®wledge of the fading coefficientd}, (for an analysis of
subcarrier as Ul at timé is denoted with the lowercasg,. the performance with pilot-assisted channel estimati@® s
The event of interference is modelled by the variablg [7]) and, in addition, R1 has perfect knowledge $INR;.
which is one (zero) with probabilityy = N;/N (1 — p). The criterion for deciding that the binary codewordwas
The random phase componesit* is present since there istransmitted is [8]
no carrier synchronization between Ul atg; it does not .zl
affect our analysis and can be absorbeddin;. Finally, it is ¢ = argmin, .. {Zminzex% {u}}
assumed that all random variables are independent akross k Wk

Note that, with respect to a performance measure such
the bit-error-probability (BER)R is considered a “long-term”
random variable, i.e. it is assumed constant within thervale
that the performance is evaluated. This is due to the fatittha
variation rate, which depends on how often the position ef ﬂposmon ik Within z, in which the bitc, was transm|tted
user changes, is much smaller compared to the transmisdidin the interleaving strategy, is known at the receiver. the
rate. On the contrary;;, a are perceived as “fast’ randomPU"POSe of our analysis, we assume random interleaving.

variables by the decoder, since they change independenty & BER of both receivers can be approximated by

Fig. 1. Downlink scenario.

S N .
wahere the weighting factowy, is wy = SINR; ' = & +~~*
for R1 andw;, = 1 for RZ.ng denotes the set of constellation
symbols that have bit; at positioni, = 1,...,m. The

acrossk. This randomization is reflected on the instantaneous 1 dmintK
SINR, which is given by Py~ o~ > e(L)P(L) (4)
1 1 ¢ L=dmin
SINR;, = 2

wherek, is the number of information bits per trellis branch,
. . . dmin 1S the minimum Hamming distancef is a positive
A p—b min

wheregy is the total interference power at timeandf = f2 integer of our choiceg(L) is the total information-bit weight

can be regarded as the inverse of theg-term SIR. : A
This section is closed with a few words about the dlstrlbuOf error events at distanck and P(L) s the pairwise error

tions of distance variables. Since the users are uniforngy dprobablllty (PEP). Following [8], the PEP is upper-bounded
tributed, the probability density function (pdf) of the @isce

priag+y7t &eta!

o+ioco
r of a user from its base-station f§r) = 2r/RZ, r € (0, Ry, 1 1 L
so the pdf ofr’ = 7t is P(L) < o~ S[2(s)]™ ds (5)
f(’l“/) W 7“/ / , 'r/ c (O,RO] (3) where -
For convenience, we can make the normalization = 1, =— ZZ D Pagman( (6)

which reveals that’ is a Beta random variable with parameters i=1 c=0 z€X}



Empirical pdf of ~10l09(r) Givena = 1, we have¢ = §r?, so the pdf of¢ is

1 € 2/b-1
a=1)=———(2)¥ 9
fla =1 = 55575 15(5) ©)
whereB(2/b,1) = b/2 is the Beta function. In the case of R1
g o 1
T o z,2)|a=1\S) = a=1 2 d
steaines() = [ €l = D
£
. which, substituting (9), can be manipulated into the form
1
(I)A(w@’)\a:l(s) = X
1+ B+dj*1 (s —52)
1 ! B
— | (1- 2/b1<1 )x
T A EE
—1
1
| ) N T
Fig. 2.  Empirical pdf of —10logr’. The pdf was computed over 5000 B+ t1+ Bry-1 (8 - S )

realizations.

Invoking the identity (p.287 [12])

1
with ®(, . (s) denoting the characteristic function of the / 21— 2)P (1 — ) P(1 —vz) Odz =
random variableA (z,2') = 2%Qz, z = L[H(z —2/) »/]T 0
and z’ being the closest neighbor of that has the comple- B(p, N Fi(A, p, 0, A+ psu,v)
mentary bitc in positioni (note that, due to the assumptiony;in Re) > 0, Reu > 0, (10) becomes

of independence across time, the subsckigtas vanished.) )

The integral in (5) can be evaluated numerically by Gauss- DA (20t et (8) = pE X (11)
Chebychev quadrature [10] and we obtain ’ 1+ 55=(s = 5%)
N/2 2 B B )
F ]-a _]-7 13 -+ ]-7 )
P(L) < %ZRe{[@(e+jeTn)]L}+TnIm{[®(e+jeTn)]L} 1( b BTV By +d (s - s?)
n=1 where
wherer, = tan(%), N is the number of nodes and Foo +00 ) o
must belong to the region of convergencedfs). P\ poo At pu,v) = > Y E;Zﬁ;(p)mfn'i; u" "
m~+nllt-10:

m=0n=0

B. Evaluation of ®x(; .)(s)

s . with |u| < 1, |v| < 1, is the first hypergeometric function of
From the rule of conditional expectation we have that

two variables and\),, £ AA+1)...(A+m —1), m >0,

Darn e (5) = Ea [®ais e (5)] = Ea [Beia®a s ane(s (A\)o = 1. Note that the first term in (11) is (7), with in
A (®) [Pawania(s) [Eeja[®aaie(s)] place of¢. The second term introduces the effect of the PC

or, sincea is a Bernoulli random variable with probability  adjustments on the interfering users.

Bagea(5) = (1= D) Pageaneo(s) -1 Pagearjai(s) When~ — oo, then, using the identity (p.286 [12])

1
with ¢A($,m’)|a:1(8) = Eg\a:I[CDA(m,x’)\g(s)]- For analytical / x>‘71(1 — ];)'“71(1 —ux) Pdx =
tractability, we assume that the interference and noise tér 0
in (1) is Gaussian. Therefore, givénA(z,2’) is a quadratic B(p, A) 2F1(ps A A+ ps )

form of the circularly symmetric complex Gaussian randoijiin Re) > 0 Rep > 0, it can easily be shown that
vector z. Using the standard result of [11], we find that ’ ’

2 1
y—00 _
P (s) = 1 (I)A(x,x’)\azl(s) T2t b14 d_z(s —5) X
Afz,z')|€ 2 £yt s
1+ w (S - l 82) 9 1
therefore 2 (1’ Ly T2%7 + (s — 52)> (12)
1
R1: o ane(s) = 7)  wher
Aan)e(s) e (7)  where
Y “+o0
1 (p)m()\)m m

A A ju) =
1+d2 (3_(€+7_1)52) (8) 2F1(P7 ) —|—,U,, ) T;)()‘"’_,U/)mm'

whered = |z — 2/|. is the Gauss hypergeometric function.

R2: ®a(p0)e(s) u™, Jul <1



In the case of R2, taking the expectation of (8) ayeives o

1
(I)A(:zc,m/)|oz:1(s) 1t 2(s— (B+71)s?) X

1 1
- _ /b—
B<2/b,1>/o(1 O x
d?3s? -1
(” T+ &6 (317 5) a

Employing the previous identity, we obtain

Performance vs. load, b=4,D =2

T T T T T T

1
(I)A(z,x’)lazl(s) = 1 +d2(s — (ﬁ_i_,y—l)SQ) X
2 d*ps?
o (18545 s ) 09

Similarly to R1, the first term is (8), witlf replaced byz,
and the second term introduces the effect of the interferer
power variations.

Fig. 3. Performance vs. load (analytical.) Consecutive esirof the same
group correspond to Encl, Enc2 and Enc3 in this order. Mauker simulation
results.

IV. NUMERICAL RESULTS

Let Ul be situated on the line segment betwé&nand B; .
Unless otherwise stated, Ul is at the border of the cell, i.e
ro = 1, the reuse distance is set 10 = 2 andb = 4. We 107
assume operation in the high SNR regime, setting 30dB,
so that the system is completely interference limited.

The optimum rate 1/2 convolutional codes shown in tab
| and obtained from p.540 of [13], are combined with QPSI
using Gray mapping. Error events with length updg;, +
2 are taken into account in (4) and the respective weigl
are obtained from [14]. For QPSK there is only one closed
neighbor symbol error event — 2/, |z — #'| = din = V2, ©
S0 &(s) = Pa(q,,,)(s). For the simulations, codewords of
800 bits were used, with random bit interleaving within eac
codeword.

In fig.3, the BER is plotted vs. the system load. We obsen
that the performance gain of R1 over R2 increase® &s
decreased. This is primarily because R1 makes use of the
formation of whether a slot is interfered or not (diversityedo L
hopping.) However, even at high system load>0.8), where
most of the slots are interfered, the gain remains subatanti
This implies that the variation of the interference powee du
to the PC of the users aB; is significant enough for R1 to

mallnta_ln_lts advar;ta.\ge. T(;!e S|mulat|o_n ;lesultts trhevi)al ?f:stt motivates the plot in fig.4, where the PER(d,,,i,), is plotted
analysis is accurate; any discrepancy is due to the factfieat | .=, ¢, ro = 0.5,1. A PEP value of approximately

truncated union bound in (4) is simply an approximation t9>; 10~* is achieved by both a system employing a code with

the true BER. gmin =5 and R1 and a system witl},;, = 7 and R2, when

Another obvious observation on fig.3 is that, increasing tf;ﬁo = 1. In other words, interference can be mitigated either by

dgcoding complexity (in terms of'the memory of the enCOOIeﬁ)ncreasing the decoder complexity or by adding an intenegze
yields a larger performance gain for R1 than for R2. Thlf?acking capability to the receiver. The difference betwee

the two strategies is less apparent as Ul is moved closer to
By, whereby the long-term SIR is increased, rendering the
interference power variations less important.

In fig.5, the BER is plotted vsry. Note the cross-over

Performance vs. diversity order,p=0.8,b=4,D =2

Fig. 4. Performance vs. code diversity order (analytical.)

TABLE |
OPTIMUM RATE 1/2 CONVOLUTIONAL CODES

Encoder || Memory || ¢©@ [ ¢ [ dmin
1 3 13 17 3 between the curves Encl-R1 and Enc2-R2, Enc3-R2 at
2 5 53 75 8 0.5,0.75 respectively. At distances > 0.5(0.75), it is better
3 6 117 ]| 155]] 10 to employ Enc1 with R1 than Enc2 (Enc3) with R2. The same



Performance vs. distance from Bo’ p=08,b=4,D=2
10 T T T T T 7 T T

BER

Fig. 5. Performance vs. distance of Ul froBy (analytical.) Consecutive Fig.
curves of the same group correspond to Encl, Enc2 and Enc3siortter.

observations can be maderif is held constant and the reuse
distanceD becomes variable. [1]

Finally, in fig.6 the BER is plotted vs. the path loss exponent
b. As b is increased, the performance improves for both2l
receivers. This is due to the fact that, f& = 1, the total (3]
interference poweg takes smaller values, as can also be seen
in fig.2. It is evident that the BER decreases faster for R¥]
compared to R2. [5]

V. CONCLUSIONS [6]

Interference diversity is inherently present in systemg]
that utilize FH and PC. In this paper, we examined the
advantages of tracking vs. ignoring the interference powef!
variations in a downlink setting, considering a channejg
model with fading and path loss. We verified that providing
interference information to the decoder is beneficial fag tH10)
performance, even at a high load. For small long-term SIRs,
which correspond to the user being situated close to the]
boundary of its cell and thus to other base-stations, it w a]
found preferable to trade decoding complexity (in terms
the encoder memory) with an interference tracking capsgbili [13]
Concluding, we would like to point out that our analysii]f4]

enables the evaluation of the BER for any combination
long-term random variables, such &g or R, or parameters

such ash, D and L. The operating mode of the receiver (R1
or R2) can then be selected accordingly.

Performance vs. path loss exp

.,p:0.8,D:2,r0:1

6. Performance vs. path loss exponent (analytical.)s€cutive curves

of the same group correspond to Encl, Enc2 and Enc3 in this.orde
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