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ABSTRACT

Multi-user interference induces performance loss in terms
of BER and channel capacity when present in a communi-
cation system. Nevertheless multi-user interference can be
suppressed via signal processing techniques so to improve
performance. In fact, the presence of this interference re-
duce the channel capacity region [2]. In this work the condi-
tions allowing perfect interference cancellation are derived
so to arrive at the same capacity region of an interference-
free network.

1. SYSTEM MODEL

The system model we consider is based on a network pos-
sibly operating in “ad-hoc” mode composed by n* tran-
simit/receive pairs. The g-th fransmitter is supposed to be
equipped with ¢, transmit antennas while the correspond-
ing g-th receiver is supposed equipped with r, receive ones.
Furthermore the distance between two nodes f-th and g-th
is represented by I(f, g) expressed in meters. The link from
the g-th transmitter to g-th receiver can be analytically mod-
elled as

1(9)(11) =iy, g)]—6/2 \/LE (H(Qag))Tf(g)(n)+
nz U, g) (H{f g)) Nin)+w(n);1 <n < Tay
Yo
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where the parameter J takes into account for the path loss,
T
PO (n) 2 [ D), L¢P )] € C's is the vector
collecting the ¢, complex samples emitted by the ¢, anten-
nas at the time instant n (1 < n < Ty, where Tpqy is
the payload length). About the channel H9'9) it is assumed
to collect the ({4 x 7g) channel path gains from the g-th
transmitter to g-th receiver modelled as statistically inde-
pendent zero-mean unit-variance complex Gaussian r.v.s. In
A T

addition the vector ¢(f)(n) £ [(,a(lf)(n),-u ,(,og) (n)] €

€'/ is the vector gathering the ¢; complex samples emitted
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by the t¢ antennas of f-th interfering transmitter. Further-

more the channel H/+9) presents the same statistic proper-
ties of H®%) and its dimensions are (¢ 7 % rg) and it mod-
els the “interference channel” from f-th transmitter to q-

[ ), 0] €
C"s is the vector collecting the mutually-independent, zero
mean, white noise Gaussian samples with variance egual to
N /2. In this work the following assumptions are consid-

th receiver. Lastly w9} (n) £

ed
Assumptlon 1 Fach channel Coejfﬁczent h(f 9 e C,1<
JErg,1 i gtg,l < fg <t :sazero mean unit
variance complex Gaussian r.y. wi!h real and imaginary

part assumed independent with variance equg} 19 1/2.
Assumption 2 All the channel coefficients h;;* € C,1 <
JErel £1<14,1 < fig £ 0%, are stansncally in-
dependent both from the payload samples {t,ogg) e C1<
1 < Tpay, 1 £4 < tg,1 < g < n*} and the noise samples
{0 € C,1 <1 < Tpoy,l € j < 7,1 < g < 07}
present at the receive antennas.

Assumption 3 All the noise samples {'wjg eCl<sng

Tpay:1 € § € 14,1 € g € n*} are mutually-independent
with respect 1o the j,g,n indexes. Furthermore they are
independent from the payload samples {:p(g) ))}
Assumption 4 The channel path gains {h } are con-

stant during a rime duration equal to Tmy (block fading

model).
Assumption S The g-th receiver Rg,{1,< g < n*) per-

Jectly knows the n mamcesH(l’g), oo JHO9 ,H(" -9)
of the reference link g — g and the interfering ones [ —

g’(lea sntaf?’:g)'

Assumption 6 The g-th ransmitter I, (g = 1,--- ,n*)
does not know the channel matrices H99 1 <4 < n*.

Assumption 7 No cooperation among nodes is considered.

From eq.(1) it derives that the signal-to-noise-interference
ratio 'ég) for the g-th receiver and per received sample is
given by
@ = P9ig.g) ° 1o
73 _'}’j_ (a) o yg=Lee

N + 7= 1S, g)~ AP
f+#a




Obviously the term in (2) is bounded because each of the
emitted powers P@) g = 1,-.- ,u* are bounded. In fact
we have that

Tra [Rg>] Lt,P@ g—1,... ot 3)

where REDQ) is the (¢, x#,) shaping matrix (spatial covariance
matrix of emitted signals) at the g-th transmitter defined as

REOQJAE{ 9)(n)( @ (n )) } )

2. CAPACITY REGION FOR A MULTI-ANTENNA
NETWORK

Let us consider the general case of n* transmit/receive pairs
since this case represents the general problem and the ex-
pression for the received sequence by the g-th receiver is
still given by eq.(1) where f,g = 1,--- ,n*. About the
definition of capacity region [2] we have

Definition 1 (Capacity Region of Interference Channel)
The Capacity Region C of the network is defined as the re-
gion including all the n*-ples of rates R{1), B(2), ..., R(n*)
that are sustainable by the network.

The presence of interference, without any interference can-
cellation policy, reduce the capacity region of the interfer-
ence free-channel [1,2], so we can affirm that C C Cp and

the ultimate goal is to determine the conditions allowing
C= Co.

2.1. Assumptions about interference cancelfation

The first problem to be solved deals with the sorting of the
signals to be decoded and subtracted at receive side. Since
the decoding of the f-th interferer is affected by the pres-
ence of other users signals, it is reasonable that the receiver
first decodes the user signal received with more power and
as last the user with less power, This slot-by-slot solution
is employed in multi-user decoders based on progressive
interference cancellation (ZF-DFE, see [7]) but it requires
continuous update of the Signal-to-Interference Ratio (SIR)
and the sorting procedure for decoding/cancellation. So,
due to complexity consideration, in the following we as-
sume that at the F, receiver the interfering signals are de-
coded with a fix sorting and given by the “natural” one, that
sf=1L,f=2,--,f=9g—-1Ff=9+1,..,.f=n"
Since this order is not adaptive, the conditions to guarantee
C = €y are expected to be more restrictive than those ob-
tainable via an adaptive sorting. This drawback is counter-
balanced by the reduction of complexity.

Assumption 8 The decoding and subtraction order is given
by the sequence

f=1:f:25 ’f:g_l!f:g+l’1

(3)

f:n*?vgzll--‘

Now, since no channel state information is available at the
g-th transmitter (g = 1,...,n*), the optimizing matrix R,
is the isotropic unitary.

Assumption 9 The covariance matrix for the signals 9 (n)
radiated by Ty, is equal to the identity matrix. -

2.2. Information sent over the channels T, — R, and
Ty — Ry

JR(F-1)

, J — 1 transmitters are less than

:I(]')f_

Let us assume that the information rates R(1), - -
corresponding to the 1, - - -
the corresponding information throughput Z(1, g), - - -
1) s0 to write

R(1) < Z(1,9) and R(2) < Z(2,g) and - -
and R(f —1) <I(f —1,9) ©)

so the sequences {(n)},--+, {¢/~V(n)} can be de-
coded so we can consider that the corresponding estimates
{Q(l)(n)} {(,a(f L (n)} obtained from the first {f —1)

block of the receiver are exact so to write
#n) = pOm),Vi=1,---,f -1 Q)

and consequently we have that the signal at the input of the
f-th estimator/canceler block 1s given by the following re-
lationship:

H(gg) 90(9( ) nogte’ ‘P(’)( )

T Vi Ug. )P o V(i g)P

F#g

(g)( )=

H(f,g)TE(f)(n) n* H(i,g)Tg(f)(n) Hioo)™

AP | 2, VEGa)?
F#g

&?'(9) (n)

{a}
ey ™

(8)
this implies that Z(f, g) in (6) is the mutual information
having as input ) (n) and as output XSF) (r).

This last can be evaluated under the requirement that all
the above reported & Assumptions hold in the following way

{9)
I(f,g) =E {lndet L, + —P—ﬁH(f'g)*H‘f’ff)x
ty (1{f.9))
x (Ng(g)lrg + _&ﬁﬂ(g,g)*H(y,g)Jr
tq (U(g,9))
1
n’ P . .
Z _—EH(LQ)*H@:Q} 9)

i=f+1 ti (I(Z, g))
f#g

and whent; — 00, ,f,» — o0 we have that
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P (10)
T P {i{gg)?
PO+ NPi(9,9)° + T pn Erisg
g

Proposition 1 Sufficient and necessary conditions allowing
C = Cy is that the following n* (n* — 1) inequalities simul-
taneously hold

) :n*:k%ga.g:lr"' ,‘?'I-*
(11)

Proof: The Shannon channel coding theorem [4] as-
sures that g?(g)(n) = @ (n) if and only if R(1) < Z(1,9),
1R(g_1) SI(g—l,g),R(g—I—I) SI(Q+159)1"' 3
R(n*) € I{(n*,g), R(g) £ C'9) that can be rewritten as
(by assuming f # g)

I(gk) 2 G{g), k= 1:"

¢ (n) = ¢@(n) <= R(g) < C9) and R(f) < I(f9)

(12}
The relationship in (12) is referred to the g-th receiver but
this implies that it has to hold for each value of g = 1, ..., 0"
that is equivalent to affirm that all the receivers correctly es-
timate and decode the interfering and desired signals. Hence
the condition allowing a perfect decoding can be described
as

—
=

Q(g)(n) = E(9)(,,,“) Vg=1,..n*

= R(g) < min{C.I(g, k). k= 1,...n", k # g}
: (13)
Now, since C(9} > T(g, k), ¥k # g, from (13) follows that
if we want C = Cy we have to impose that Vg = 1,...,n"
the following (n* — 1) inequalities hold
I(g,k) 2 CDk=1,.,n" k#g (14
and so we obtain (11), n
The goal is to derive conditions on distances between nodes.
Let us begin with considering the simple limit case when the
9 Assumptions hold and ¢ — oo, g = 1,...,n*. Under the
above hypotheses the sufficient and necessary condition to
obtain € = (y is that all the following n*(n™ — 1) inequali-
ties hold

1/8
pla)
l(g’k) = o) Tg /T
14— -1
( +Né‘”(r(ggg))ﬂ)
-1/8
] pE) o pli)
AN 4 Z —
. 3 b
(U(k, k)P =gt (i, k))

k=1,..n" k#£g,9=1,.,n" (15)
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The proof is not reported, it is sufficient to apply eq. (10)
to (11). Since the summation in (15} depends on distances
between the nodes g + 1, ..., n* and the k-th one, the limits
have to be calculated from the n»* — th to the first (g =
n* as the first and g = 1 as the last). Once analyzed this
particular case it is more interesting to consider the case of
tg <00, g=1,.,n"

2.3. Bounding on Capacity
By applying the Jensen inequality we have that

ple) ) . .
a4 Jg =1,---,N
N (g, )P

(16)

Cl9) <rgln (1 +
where the equality hold if ¢, — oo.

Once supposed that the 9 Assumptions hold for each
pair composed by f-th transmitter and g-th receiver we have
that

(9)
L(fg) 2 (1+P(”Tg(l(g,9))‘ﬁ[f\fég)+ i

(l(g,g))ﬁ+

o opi 7!
ZW] s F#g. 1< f,g<n*.  (17)
T

The proof is based on the “pessimistic hypothesis” of
Key-Hole! channel [6]. By considering (11), (16) and (17)
we obtain the following bound on [{g, k) that has to be nu-
merically evaluated starting from g = n* as for (15) and it
is given by

11/8
TkP(g)

g, k) < — "
___pla -1
(1 * Né“’u(g,g))ﬂ) ]

(%) n* po 177
P v k]
NS SN e . (18)

B AT

In (18) the term t4,9 = 1,...,n* is not present and this is
a consequence of the key-hole assumption that implies the
loss of transmission diversity. As an application scenario
we consider a homogeneous network where all the users
present the same power levels, noise levels, number of an-
tennas and distances. In brief we can pose P() = .-

pPn) =P,Nél) = :Nént} =Np,ri= =Ty =
r, (1,1} =..=in*n*) =1
By intreducing the following variables
1/8
PN P A (19)
(1 + J—%) -1

'For more details see [7,8].



and

4
ay /8
Al *
{1 + T’Q + E?=g+1 (;1‘%5) }

we can arrive at the following result.

By considering as verified the conditions about homoge-
neous network and the 9 Assumptions, sufficient conditions
allowing C = Cy are that

{

Under the hypotheses of hemogenous network the (18) be-
comes

Alg) £

(20

A(g+l)$ Vk=g+1:"'=n*

g k) < Alg) Vk=1,- g

@n

. -1/B
g, k) <aql+ ’% + i ((,k)~7 ,
i=g+1
1<k<n* k#yg (22)
As important properties of A(g) it derives that
0< Alg) <1, Vg=1,---,n* (23)
0< AL < AQ) < - < An") < 1 (24)

that is the sequence is increasing and bounded in the interval
[0,1). X
The last result to check is to evaluate what happens when
the number of nodes approaches infinity.
Let us consider as verified all the Assumptions and the
hypotheses for homogeneous network, if n* — oo the limits
in (21) approaches zero when g — 1. The proof consist into
noting that the summation in (20) is composed by infinite
terms greater then unity so we have A(g) — 0.
Two are the main implications of this last result. The
first one is that in order to have C = Cp, when n* — o0, the
users have to be very close each other.
The second one is that if the number of users increases,
this does not reduce the capacity {because the conditions
require C = Cy) so, in contrast with the result in [3] about
multi-hop, the capacity does not fall to zero.
Remark 1. (About the impact of the above analysis on
rouring: mulii-hop vs. single-hop). About multi-hop-rouring,
it is well know that in this context each receiver has to de-
code information received by the corresponding transmitter
and the signals received from other users is considered as
additional noise.
About the receiver architecture we can observe that
a) The interference experienced by the receiver reduce the
capacity region and the reduction is proportional to
the loss of Signal-to-interference Ratio (SIR);

b) In order to have low SIR, the interference level has to be
low and this implies that low power has to be emitted,;
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¢) Since the coverage area of each transmit node is poor,
we need relays (multi-hop routing) in order to reach
the destination receiver;

d) This approach presents the following two drawbacks:

o More than one node has to transmit information so it can-
not send its packets but it has to relay. As a conse-
quence the aggregate throughput falls to zero when
the number of users increases {3];

o This technique increases the packet delivery time.

When we consider a single-hop strategy, the conclusions

made in a},b),c} and d) changes. In fact we have that

a) The interference does not reduce the capacity region
(C = Cq) with respect of interference-free channel;

B) Since conditions in (17), (18) require that the distances
between nedes of links T, — R, are greater than
the ones on interferers Ty — K, no reasons make
multi-hop an appealing strategy. In fact, by adopting
single-hop strategy we have that

e when (17), (18) hold the capacity region is the same of an
interference-free channel (C = Cp)

e the network throughput does not falls to zero when the
number of users increases because no relays are present,

3. NUMERICAL RESULTS AND CONCLUSIONS

In Fig.1 the bounds in (16) and (17) are presented for test-
ing the behavior of C'9) and Z(f,q) with respect to dis-
tances. The comparisons between bounds are performed for
different values of receive antennas ranging from 1 to 8 and
distances [{1,1),{(2,2) ranging from 1 to 20 meters. The

aisancs {1 112 i2.2) m maners

Fig. 1. Direct and interference link capacity for different values
of rand {(1,1),4(2,2).

ratio f_r‘t—g’, is set to 20dB while 1(2,1) = 1mt,}(1,2) =
3mt,1(2,2) = 20{1,1) and § = 2. It is possible to note
that, since {{1,2) and {{2, 1) are assigned, when I(1,1) and
1(2,2) present low values, ¢} and I(f,g), 1 < f,g <



2 do not verify the eq. (11) (this means that 1(1,2) and
1{2,1) do not verify (18), while, when 1(1,1) and {(2,2)
increase, the eq.(11) hold and (18) too. So, by increas-
ing the number of antennas (r1 ) the distance limit,
allowing that (11) and (18) hold, increases. This means
that when r1 = r2 = 3 if I(1,1) = 31(2,2) > 5mi the
(11) hold so C = Cp while when r; = 7y = 8, in or-
der to verify (11) and so C = Cy, we have to require that
1(1,1) = 11(2,2) > 9mt. In Fig.2 a different situation is
presented. In this case the distances {(1,1) and I(2, 2) are
assigned ({(1,1) = 10mt and {(2,2) = 16mi) while the
interfering distances {(1,2) = 3{(2,1) range from 1 to 20
meters. As in the previous case ry = 2 range from 1t

8 and :}((Z)) = 20dB. By considering different values of
a

7y = r9, when 1y = ry present low values the distance lim-
its [(1,2) = $1(2,1) verifying (11) approaches 16-18 me-
ters, while when the number of receive antennas increases
then the distance limits decrease full to few meters. Last in
Fig.3 by considering a topology with I{1,1) = 10, 1(2,2) =
16mt and 1(1,2) = /(1(2,2) — 1{1,1))2 —{(2,1)? (this
means trapezoidal topology with variable value of 1(2,1}}
the interference cancellation capabilities for different values
of distances are represented by considering different num-
ber of receive antennas.

Ec';n(‘ﬁ)

CTinam

..z genn
£ g

1 dwiance {121 K21} in meled

Fig. 2. Direct and interference link capacity for different values
of r and 1(1,2),1(2,1).

The external circle (in black) is the coverage interfer-
ence cancellation area (CICA) when v, = 8, that means
that if the receiver 1 is equipped with ry = 8 antennas and
it is in that area it is possible for it to cancel interference.
On the other hand the internal circle is the one represent-
ing the CICA when r; = 1. The evaluation is performed

P {(f,) = 204B and 3 = 2. The conclusions

N
that may be carried out are the following. First, the impact
of topology on capacity is very important as already show
in [1] and it is due to the different levels on interference.
So the conditions allowing perfect interference cancellation

by assuming
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=15
=15

=10

Fig. 3. Maximum coverage interference cancellation area (CICA)
by considering » ranging from 8 to 1.

are given for two pairs of transmit/receive noedes. Second,
the impact of the conditions on capacity are considered via
distance limits inequalities. Last, the particular case of ho-
mogeneous network is considered and the impact of inter-
ference cancellation on routing strategies as discussed by
showing advantages and drawbacks both of multi-hop and
single-hop approaches.
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