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Abstract: CO-channel interference is of great concern when planning modern cellular communication
systems. The commonly used seven-cell frequency reuse pattern is based on the fact that the carrier to
interference ratio (C/q should be higher than 18dB, which is based on subjective tests (W.C.Y. Lee,
1995). A scheme based on trellis coded modulation (TCM) is proposed which enables the system to
perform satisfactorily even at reduced levels of C/I. The proposed scheme gives the flexibility to use
four or three cell repeat patterns, thus substantially increasing the spectral efficiency of the system.
The scheme proposes the use of different TCMs in the different co-channel cells. Simulation results
have shown that for a four-cell repeat pattern, the proposed scheme resulted in a bit error rate of
10"5 or better, with an outage probability of 0.86%.

1 Introduction

The frequency reuse method is useful in cellular communi-
cation systems to increase the efficiency of the spectrum
usage. However, it results in co-channel interference
because the same frequency channel is used repeatedly in
different co-channel cells [1, 21. Today, the ever-increasing
demand for mobile telecommunication services and the lim-
ited availability of radio spectrum have necessitated the
restructuring of conventional fixed broadcast radio systems
to achieve higher traffic handling capability covering large
geographical areas. The cellular communication system is a
major breakthrough in solving the problem of spectral con-
gestion and providing higher user capacity. The shorter the
frequency reuse distance, the higher is the spectral effi-
ciency, which directly translates to a larger system capacity
[31.

The planning of frequency reuse distance is chiefly
governed by the carrier to interference ratio (C/O require-
ment of the receiver. We have considered the interference
model given in Fig. 1. The carrier to interference ratio can
be expressed as [l]

= {G(0)/G(6)}{Li/LW}{EIRPW/EIRE1Gproc

(1)

where P, is the desired signal power at the receiver, Pi is
the interference at the receiver, G(0) is the receiver antenna
gain at an angle 8 off boresight, L, is the path loss of the
desired signal, Li is the path loss of the interference, EIRP
is the equivalent isotropically radiated power and G,,.,, is
the processing gain, i.e. the improvement of the C/I ratio at
the receiver. The received CII ratio should be above a

IEE Proccedhgs online no. 20010276

DOL 10.1049hp-com:20010276

Paper first received 12th April and in revised form loth November 2000

The authors are with the Deyatment of Eloctikal Engineering, Indian Institute
of Technology, Delhi, Haw Khas, New Delhi 110016, India

certain threshold in order to have the desired quality of
service, i.e.

-%/pi 2 {Pw/Pi}threshold (2)

For the cellular scenario considered here, for improving the
carrier to interference ratio, we do not have the flexibility
to play with the antenna discrimination G(O)lG(O) or with
the ratio of the path loss, L,/L,v. Also, we cannot use higher
transmission powers. Thus, to achieve a higher CII ratio
(for higher spectral efficiency) we must either use signal
processing at the receiver end or a reception technique that
is more resistant to co-channel interference.

EIRP™

ElRPi

Fig. 1 Basic interferncc model
P = signal power at the Rx
G(0) = Rx antenna gain at an angle 0 off boresight
L - path loss
EIRP = equivalent isotropically radiated power
G.ljvc - processing gain, i.e. Rx improvement of the C//ratio
p'JPf = {G(0)/G(fl)} {L,ILw} {EWPJElRPj} Gpm > {V

For reducing the effects of co-channel interference, there
can be two possible approaches. One is to cancel the inter-
ference at the receiver after estimating it by different means.
The other is to introduce some sort of 'orthogonality' in the
transmission of the desired signal with respect to the inter-
ference. The first approach of estimating and cancelling the
interference has been explored in the literature [3-51. Linear
co-channel interference cancellers based on diversity com-
bining have been investigated. The use of equalisers and
linear combiners have also been reported [4]. Whereas the
use of adaptive equalisation introduces complexity, in these
types of cancellers, diversity gain must be sacrificed for the
sake of interference suppression. Other studies have evalu-
ated the performance of decision feedback equalisation
with interference suppression by feed-forward fdters. All
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these techniques are based on linear interference cancella-
tion. A nonlinear co-channel interference canceller, called
an 'interference cancelling equaliser' (ICE), based on a
form of maximum-likelihood sequence estimation,
extended to estimate both the desired signal and the co-
channel interference signal simultaneously, has been pro-
posed [4]. A nonlinear co-channel interference canceller can
retain diversity gain while cancelling co-channel interfer-
ence. Related studies have investigated nonlinear co-chan-
ne1 interference cancellers based on maximum-likelihood
sequence estimation (MLSE) without adaptation. Another
nonlinear co-channel interference canceller based on MLSE
and applying trellis coded modulation, called a 'trellis
coded interference canceller' (TCC) was proposed [3, 51 for
microcellular radio to enhance the co-channel interference
cancelling capability. This scheme introduced a huge
amount of computational complexity at the receiving end,
which could become infeasible in small sized handheld
receivers. We use the second approach, i.e. introduce some
sort of 'orthogonality' in transmission of the desired signal
with respect to the interference. Our technique is an inter-
ference rejection technique rather than an interference can-
cellation technique.

We propose a scheme which uses different coded modu-
lation trellises [6] for different cells that use the same
frequency channel. Each trellis is designed in such a
manner that it can reject the interference from the other
trellises. This is a nonlinear interference suppression tech-
nique, which is not computationally expensive.

2 System description

We use a hexagonal cell pattern for our analysis. The opti-
mum channel reuse pattern is gwerned by the strength of
the signal received at a mobile from its base station relative
to the signal received from a distant base station using the
same channel. The degree of interference that a mobile can
tolerate on the same channel (co-channel interference) is a
function of the distance of the other mobiles using the same
frequency band and the modulation scheme employed. In
general, the desired signal strength decreases as the distance
from a base station increases. The decrease is not uniform,
being dependent on geographical and other factors. For a
simple example, we can approximate the decrease to an
inverse ath power law [7, 81. The interference that a radio
can tolerate is expressed as a threshold ratio of carrier
power (wanted signal) to interference (unwanted signal)
power (C/o in dB. For the system to operate, we must have
the carrier-to-interference ratio greater than the threshold
ratio, as expressed in eqn. 2.

It is well known that in a hexagonal cell pattern, the fre-
quency reuse distance D can be determined by [9]

It is interesting to note that in a fully equipped hexagonal
shaped cellular system, there are always six co-channel
interfering cells in the first tier. CO-channel interference can
be experienced both at the cell site and at mobile units in
the centre cell. If the interference is large, the carrier-to-
interference ratio CII at the mobile units caused by the six
interfering sites is (on average) the same as the CII received
at the centre cell site caused by interfering mobile units in
the six cells. This can be shown both by using the reciproc-
ity theorem and the statistical summation of radio propa-
gation [9]. For the sake of the analysis, we shall consider
the interference experienced at the base station due to
mobiles in the cells reusing the same frequency band. The
local noise is assumed to be much less than the interference
level and is presently being neglected. The CII, then, can be
expressed as

C/I = R-"/{D," + DT
a + ... + D,"} (4)

where a is the propagation path-loss slope determined by
the actual terrain environment. In a mobile radio medium,
a! usually is assumed to be 4 (i.e. a path loss of 40 dB per
decade) [5]. In our analysis, the six co-channel interfering
cells of the second tier are being neglected. We have consid-
ered the following three cases for the total interference esti-
mation:

Case 1: We assume that all D,,s are the same (i.e. all the
interferers are at the same distance 0) for simplicity. Then,
for q = DIR, from eqn. 4

C/I = q"/6 (5)

Case 2 We assume a more realistic and statistical situation
where two of the interferers are placed at the centre (Dl =
D2 = D), two are placed farthest away (D3 = D4 = D + R)
and two are placed closest (D5 = D6 = D - R). CII then
becomes

C/I = (4 - 1) a} (6)

D/R = (3)

where K is the frequency reuse cluster size and is given by
K= i2 + j2 + q, i and j being integers.

Case 3: We assume the worst case situation in which all the
interferers are at the closest distance (i.e. Di = D- R;i= 1,
2, ..., 6). Here the carrier-to-interference ratio becomes

C/I = (q - 1)"/6 (7)

For various cluster sizes, K, the available CII for the
above mentioned three cases are tabulated in Table 1.

As we move towards smaller cluster sizes, second tier
interferers also become important owing to their small dis-
tance from the receiver. The second and third tier interfer-
ers were also studied, and their effect was found small
enough to be neglected. It is clear from the Table 1 that, as
we move toward smaller cluster sizes (in order to accom-
modate a larger number of subscribers in a limited allotted
spectrum) the interference level at the receiver increases.

3 System model

Fig. 2 shows the system model used in this paper. It
depicts a cellular communication system with co-channel

Table 1: Available CII in dB for the different cases

Available cII
(dB)

<?

Case 1

Case 2

Case 3

Cluster size of the repeat pattern K

K = 1

1.732

1.7609

-8.5867

-13.1999

K=3

3

11.3033

8.0271

4.2597

K=4

3.464

13.8016

11.3557

7.8841

K=7

4.5826

18.7288

17.3500

14.4706

K=9

5.1916

20.8458

19.7669

17.1325

K=12

6

23.3445

22.5366

20.1773
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interference. We have considered only the 1st tier, i.e. the
six nearest cells using the same frequency as the effective
interferers. There will be six such interfering channels. S

denotes the desired signal and 4, (j = 1, 2, ..., 6), denotes
the six interferers. Assuming that the communication is
taking place by means of a sequence of symbols (resulting
due to a certain modulation scheme), we represent the sym-
bols from each interferer by yj, (j = 1,2,..., 6). The received
signal, r, can then be written as

r = YO + Y1 + *. + y6+ w (8)

where yo is the desired symbol and w is AWGN. We are
not considering the effects of fading here. It is assumed that
the received symbols yp (j = 0, 1, ..., 6), undergo a certain
attenuation as dictated by a, the propagation path-loss
constant. The objective is to design a scheme that can reject
the six interferers and the noise, and correctly detect the
desired symbol yo. It can be seen that for a hexagonal cell
pattern, there are always six co-channel interfering neigh-
bours in the first tier, i.e. the six nearest cells using the same
frequency. This is regardless of the frequency repeat pat-
tern, K.

AWGN
Fig .2 System model

4 The proposed scheme

The basic idea behind the scheme is as follows. We intro-
duce some kind of 'orthogonality' in the different co-
channel cells by the use of different trellis coded modula-
tion (TCM) schemes. TCM is normally used to combine a
higher order modulation scheme with a convolutional code
[6, lo]. This enables the decoding trellis of the receiver to
'reject' the interference due to the co-channel cells. Since
not all sequences of symbols are valid paths in a given
trellis coded modulation scheme, this unique property of
trellises can be exploited. Thus, the desired and the interfer-
ing cells use different trellis-coded-modulation schemes that
are strategically chosen. The problem then reduces to find-
ing seven such 'good' TCM schemes that can be used in the
desired cell and six interfering cells. It should be observed
that seven TCM schemes would be required, regardless of
the frequency reuse factor, as explained in the previous
Section. From the point of view of system-level planning,
the same trellis coded modulation scheme is assigned to all
the cells of a cluster. We are, thus, always discriminating
either on the basis of frequency or the trellis coded modula-
tion scheme.

The proposed scheme is not expensive in terms of mem-
ory requirement or computational complexity compared to
the interference cancellation techniques, which first estimate
and then cancel the interference. A receiver in a parricular
cell will have to use only the trellis of its cluster and decode
on the basis of that. It should be observed that the co-chan-
ne1 interference is not being cancelled here, but rejected,
thus making the system more robust to co-channel interfer-
ence. The mobile will have the capability to use any one of
the seven trellises because it can move from one cell to
another.

5 The design of seven trellises

As mentioned earlier, we are trying to discriminate between
the desired signal and the interference by using different
trellis coded modulation schemes. Our aim here is not to
combat noise but to primarily mitigate the effect of co-
channel interference by some sort of 'orthogonality' of the
different TCM schemes. 'Orthogonality' has been used here
in a very loose sense in order to convey the rejection capa-
bility of one trellis with respect to the other.

We have used a 4-state trellis combined with an 8-PSK
(phase-shift keying) signal set. This was chosen keeping in
mind the complexity of the TCM design and the availabil-
ity of enough choices of different TCM schemes to obtain
suficient discrimination between the trellises. A rate 113
trellis coded modulation structure was chosen, and is given
in Fig. 3. There are two branches leaving each state and
the number of states is four. Thus in all, eight branches are
to be assigned one symbol each from the 8-PSK signal con-
stellation. This can be done in sC8 = 40320 ways. Of
course, many of these trellises will be of no use to us. We
have to select the ones which are suitable for our purpose.
Let S, (i = 0, 1 and j = 0, 1, 2, 3) denote the symbol
assigned to the branch originating due to input i and origi-
nating at state / Then, signal mapping for our structure
can be expressed as a 2 x 4 matrix of symbols {S,! i = 0, 1;
j = 0, 1, 2, 3 ). We shall denote the mapping matrur for the
rth cell by S,

Fig .3 Trellis structure

In order to test the idea of 'orthogonality', two TCM
schemes were first designed based on heuristics. These
schemes differ only in the symbol assignment, since the
trellis structure is fixed. The governing principle for the
design of the TCM schemes was to make the symbol
assignments as different as possible between the two trel-
lises. This would lead to the maximum Euclidean distance
between all possible paths in the two trellises. The design
rules further require that these TCM schemes possess a
'large' squared free Euclidean distance, df,,:, a minimum
squared product distance dp2(L), and the effective length L
in order to ensure satisfactory performance in noisy and
fading channels. The two schemes are given by eqn. 9. To
test the idea, a sequence of symbols was transmitted using
trellis 1, while trellis 2 served as the interference. The bit
error rate (BER) of the decoded sequence (using trellis 1)
was observed to be zero for CII greater than 4dB (no noise
scenario). Thus for this two-trellis case, co-channel interfer-
ence was being rejected completely for CII > 4dB. Based
on the heuristics mentioned above and some basic geomet-
ric construction procedures [l11, five other trellises were
designed and are shown in Fig. 4. The guiding principle for
the design of all the TCM schemes was to make the symbol
assignments as different as possible across the seven trel-
lises. The basic idea was to ensure that the independent
sequences generated by the different trellises are maximally
apart in terms of their Euclidean distance. The performance
analysis of these seven TCM schemes in the presence of
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cell1 cell 2 cell 3 cell 4 cell 5 cell6 cell 7

SQ S4 Sj Sg

s1 s5 s3 s7

S3 S7 S7 Sg

s2 s4 s, s5 s2 s7

S3 S3 S7 Sg SQ Sg

Fi g. 4 The seven proposed TCM schemes

noise was carried out, and is reported in the next Section.
The normalised squared free Euclidean distance, dfie

2, the
normalised minimum squared product distance d2(L), and
the effective length L of the proposed TCM sciemes are
given in Table 2. It also lists the asymptotic coding gain [6]
of the seven TCM schemes with respect to uncoded binary
phase-shift keying (BPSK).

(9)

Table 2 The distance properties, effective lengths and the
asymptotic coding gain (with respect to uncoded BPSK) of
the proposed trellises

so
s4

S2

Sg

S2 Si
Sfi SS

So S3

SA SJ

* 3

Si

S i

Sfi

d+&a/Es

dftL)/{Es)
1

L

Coding
gain (dB)

TCM1

6.586

- 4.688

3

2.17

TCM 2

6.586

4.688

3

2.17

TCM 3

4.586

2.344

3

2.17

TCM 4

6.586

4.688

3

2.17

TCM 5

6

4.001

3

1.76

TCM 6

6

2.344

3

1.76

TCM 7

6

4.001

3

1.76

6 Numerical simulation

Simulation was carried out with one cell as the desired
transmitter and the remaining six cells as the interfering
cells. Soft decision decoding [12] was performed with a
truncation depth of seven symbols. An assumption was
made that all the cells are synchronised, i.e. the time slots
of the different symbols generated by the different trellises
coincide. The performance of each of the seven trellises,
with the remaining six trellises acting as interferers, was
observed. Plots in Fig. 5 show the performance of the
system for various C/I ratios and an SNR of 20dB.

10° r

102

J10- 4

io-6

1D"8

10-10

cells 1 and 2

4 6 8 10
CII, dB

Fig. 5 BER versus UI @r the seven TCM schemes

12 14

The total number of transmitted bits for the simulation-
study was 1O'O. It can be seen from the Figure that the
performance of the trellises 1 and 2 happens to be best.
This shows that the designs of the TCM schemes 1 and 2
are superior in terms of co-channel interference rejection.
This can be explained as follows. Since the design of the
TCM schemes are based on heuristics (for maximising the
Euclidean distance between all possible paths of the two
trellises), the first two trellis designs enjoyed the maximum
degree of freedom. As we moved on to the next designs, we
had more restrictions and fewer choices. The average
performance is also plotted in Fig. 5, and is marked by '*'.
It can be seen that for C/I > 11.3dB, the BER is approxi-
mately 5 x 10"6. From Table 1 we see that for case 2 and
repeat pattern, K = 4, the C/I = 11.3dB. Thus, the
proposed TCM scheme will result in a BER of the order of
IO4 (on average) for a frequency reuse factor of 4.

Next we calculated the outage of the system, defined as
the probability (expressed in percentage) of the event that
the system performs below a specified quality of service.
We have taken this specified quality of service as BER
= 10~5 10" is the residual error rate for speech) and
BER = 10~6, which is a standard for voice band data,
e-mail, electronic newspapers etc. (see Table 3).

Table 3: Residual error rates for typical applications 1131

Application

Speech telephony/terrestriaI

Voice band data, electronic mail, database
access, electronic newspaper, internet access

Videotelephony, high speed computing

Residual error rate

I0-4

10-6

I0-7

If we define (C/&,rcshold as the minimum CII required for
a specified BER, then outage for that BER is given by

Pr{C/I < (c/I)threshold}
( I /C) t h r e s h o l d } (10)

To calculate this, we require the probability density func-
tion (pdf) of IIC. The pdf of IIC was obtained numerically
as follows. A large number of uniformly distributed points
were selected within the interfering cell. It was assumed that
a mobile station (MS) can move anywhere within the cell
and occupy any one of the grid points within the cell with
equal probability. The I/C was computed for each point for
a four-cell repeat pattern. A histogram plot gave approxi-
mation to the pdf of IIC for a single interferer. Let I, denote
the interference due to interference of the ith cell, then

(I/C)total =Il/C+12/C+... + I& (11)

It was assumed that the mobile subscriber in each cell
moves independently. This makes it possible to get the pdf
of the total IIC through convolution [14]. The pdf for the
total CII (in dB) thus obtained is shown in Fig. 6. Next, the
probability of outage was calculated using the pdf
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(obtained by the convolution of the individual pdfs of the
six different cells) and eqn. 10. The result is tabulated in
Table 4.

6 10 18 2012 14
C/I, dB

Fig. 6 Probuhility density junction (p@) of the totul C/Idue to six interferers

Table 4 Outage probability for various applications

Performance evaluation
in terms of outage

BER BER = IO4

Average Worst Average Worst

(C/l)threshold i n d B 1 0 . 7 5 5 1 1 . 2 2 5 1 1 . 9 1 5 1 1 . 9 3 5

Outage, Pr{C/I<(C/l)tt,renhold} 0.86% 3.21% 12.72% 13.07%

7 Conclusion

In this paper we have introduced a new concept for
decreasing the frequency-reuse factor. The technique
requires the deployment of a set of different trellises in the
cells that use the same frequency. Thus the cells either differ
in frequency or the TCM scheme. The co-channel interfer-
ence is mitigated by virtue of the trellis design. The
sequence of symbols generated by the different trellises in
the co-channel cells are attenuated by the trellis of the
desired cell. This is an interference suppression technique as
opposed to an interference cancellation technique. It was
observed that for a hexagonal cell layout, there are always
six interfering cells (that use the same frequency) regardless
of the reuse factor. Thus, seven TCM schemes had to be
designed that are maximally different from each other in
terms of the Euclidean distance.

The seven TCM schemes were designed based on heuris-
tics for maximising the maximum Euclidean distance
between all the paths in the different trellises. The design
rules further require that these TCM schemes possess a
'large' squared free Euclidean distance, df,.2, a minimum

squared product distance d;(L), and an effective length L
in order to ensure satisfactory performance in noisy and
fading channels. The results have been quite encouraging.
Using this scheme, it was found that the frequency reuse
factor could be reduced to K = 4 with a BER ~ - The
outage probability, defined as the probability (expressed in
percentage) of the event that the system performs below a
specified quality of service, was also calculated. We found
that the outage for BER = 10"5 is below 1% (for the aver-
age case) and is 3.21% (for the worst case). Thus the
proposed design is very good for voice applications where
the BER should be of the order of 10~5. The trellises given
in this paper were designed based on heuristics. By more
strategic design of the trellis-coded-modulation schemes,
and by increasing the number of states and altering the
structures of the trellises we may be able to achieve better
discrimination among the different trellises. Also, it is
observed that cells 1 and 2 offer better performance. This is
a useful form of unequal error protection as a higher grade
of service may be provided to users of cell 1 and 2.
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