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Executive Summary

Let GG; be the capacity gain of a CDMA system when an interference cancellation algorithm
is employed, and G5 denote the capacity gain of this system when mobile units employ any
one of the Magnolia’s transmit diversity techniques. If G denotes the capacity gain of the
system when both the interference cancellation algorithm and Magnolia transmit diversity
technique are employed, then it is proved that G = G1G,. Thus the capacity gains of
interference cancellation techniques and Magnolia’s mobile transmit diversity techniques are
independent of each other.



1 Introduction

Magnolia’s mobile transmitter diversity (MTD) method is an interesting technique that can
produce diversity gain using the power control bit transmitted by the base-station, and by
employing multiple transmit antenna chains at the mobile unit. The use of multiple transmit
antennas at mobile terminal is limited by the physical size of the device, and for all practical
cases, the number of mobile transmit antennas is limited to M = 2. At the base station,
larger numbers of receive antennas are possible, with typical values of N =1 or N = 2
receive antennas.

There are essentially two variations of Magnolia’s method:

e MTD-EGC: Only the phases of the signals transmitted from the mobile antennas are
adjusted to produce coherent combining of signals transmitted from mobile antennas
at the base-station receiver. Clearly, when the base station has N = 1 receive an-
tenna, and assuming the convergence of the MTD algorithm to it’s stable point, the

performance of the scheme is equivalent to two level equal gain diversity combining

(EGC).

e MTD-MRC: Both phases and amplitudes of the signals transmitted from the mobile
antennas are adjusted. In this case, under the assumption that the base station has
N = 1 receive antenna and assuming the convergence of the MTD algorithm to it’s
stable point, the performance of the scheme is equivalent to two level maximum ratio

diversity combining (MRC).

Recently, many discussions about interference cancellation techniques (ICT) are ongoing.
In light of these, the author was asked to quantify the mutual impact of ICT and Magnolia’s
MTD techniques. In particular, Magnolia is interested in determining whether the deploy-
ment of ICT will decrease, increase or has no impact on the gains afforded by MTD. The
purpose of the present document is to address these issues.

The outline of this report is given next. In Section 2, we analyze the impact of Magnolia’s
MTD schemes on P,., the out-of-cell, and P, home-cell power interference levels. We use
this to quantify the effect of Magnolia’s scheme on the F-factor of CDMA systems. We

then compute the capacity gains of Magnolia’s MTD scheme in the absence of interference



cancellation techniques (ICT). In Section 3, we will prove the main result of this paper. We

will show that if

e (G denotes the capacity gain of a CDMA system, when an interference cancellation

algorithm is employed,

e (5 denotes the capacity gain of this system when Magnolia transmit diversity mobiles

are employed, and

e (G denotes the capacity gain when both the interference cancellation algorithm and

Magnolia transmit diversity mobiles are employed,

then G = G1G5. It is concluded that the capacity gains of interference cancellation tech-

niques and Magnolia’s mobile transmit diversity techniques are independent of each other.

2 The Impact of MTD on F-factor

In order to compute the impact of Magnolia MTD on the F-factor, we first focus on an
individual mobile unit. We will quantify the changes on the ratio of home cell to out of cell

interference caused by this mobile with or without the Magnolia’s MTD scheme.

2.1 Analyzing Interference Generated by a Mobile Without MTD

Consider a mobile unit u which has path gains P Ly (u)7y,(u) and PLg(u)7,(u) respectively to
it’s home base-station antenna and a given neighboring base station, where PL;(u), i = 1,2
denote the effect of long term fading and shadowing and v (u) and 7, (u) capture the effect
of short term fading. If the power control loop of the home base station tries to maintain

the received power of this mobile unit at the base station at Py, level, then we have
PLy (u)?|y(w)|*Por(w) = P,

where Py,(u) is the transmitted power out of the antenna of the mobile unit u. The out
of cell interference caused by this mobile at the neighboring base-station receive antenna is
given by

P La(u)?|yn () [* Pin

Poce() = PLy(u)*In(u)]* Py = PLy(u)?[yh(u)]?




In other words
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2.2 Analyzing Interference Generated by a Mobile With MTD

Next consider the case that Magnolia’s scheme is employed. In this case, the mobile
has two transmit antennas. Let the path gain from these antennas (respectively antenna

1 and antenna 2) to the home and neighboring base-stations be respectively given by
P Ly (u)(om(u), Bn(w)) and PLy(u)(an(w), Bn(u)).

2.2.1 MTD-MRC

We first consider the case that the mobile is performing maximum ratio combining transmit
diversity. In this case, the mobile divides it’s total transmit power P,.(u) between the
two transmit antennas. Let us assume that a signal ¢ is to be transmitted with power

lc|> = Py.(u). If the Magnolia’s MTD-MRC converges to the optimum stable value, then
an(u)*c Br(u)*c

VIen @)+ (u) 2 Ve (@) [2+8x (w) 2

respectively. This gives the signal PL;(u)\/|ou(w)]? + |Bn(u)|?c at the base-station receive

the signals are transmitted from antennas one and two

antenna, which has power PL; (u)? (o, (w) >+ |8 (w)[*) P (u). As in the above, power control

loop forces the value of received power to be P,,. This gives
PLy (uw)*(Je(u)[* + |Bn(w)[*) Py (1) = Pip.

The out of cell interference in this case is given by

(on(w) " an () + B (u)*Bn(u))c
Vien()? + 16 (u)]?

PLy(u)

which gives out of cell power of

2o (u) e (u) + Gr ()" Bu(w)[* Por (u)
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In other words
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2.2.2 MTD-EGC

We next consider the case that the mobile is performing equal gain combining transmitter
diversity. In this case, the mobile divides it’s total transmit power P, equally between the
two transmit antennas. However, by using phase shifts, it compensates for the phases of the
channels between mobile transmitter antenna and the receiver antenna at the base-station.
Suppose that the signal ¢ is to be transmitted with power |c|? = P,

If the Magnolia’s MTD-MRC converges to the optimum stable value, then the signals
e 14 /\/2 and e 74 (W¢/\/2 are respectively transmitted from antennas one and two of
the mobile unit. This produces the signal (|oy,(u)| + |Bn(u)|)c/v/2 at the base-station, which
has power (|az(u)| + |Bn(u)])* P /2.

As in the above, the power control loop forces the value of received power to be Py, (u).
This gives

o (w)] + | (w))* Por (u)

PLl(u)z( 5

= Py.

The out of cell interference in this case is given by

ejéah(u) an(u) + ejéﬁh(u)ﬁn<u))c

V2

PLQ(’LL)

which gives out of cell power of

PLy(u)?|e 74 May, (u) + e MG, (u) P By (u)
Poc,EG’C’ = 9 .

In other words
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2.3 Interference Reduction Due to Magnolia’s M'TD

We next analyze the out of cell interference reduction due to Magnolia’s MTD. Let us focus
first on a specific mobile unit. From the above analysis, we can compute the fraction decrease
in out of cell interference caused by this mobile unit following the application of Magnolia’s
scheme.

We assume that:



e The power control loop maintains a receive power of P, for all mobile units, whether

or not they use the Magnolia’s MTD scheme (perfect power control).
e All sectors have K users, and K >> 1 is large.
e The users are distributed uniformly in each sector.
e The voice activity factor for all cells is equal to V..

Under these assumptions, the amount of home cell interference for each cell is easily seen
to be (K — 1)Py,V,.. Thus the F-factor (the ratio of out of cell to home cell interference)
without using the Magnolia’s scheme is given by

Zu Poc,C(u) o 1 PL2 (u)2|7n(u) |2

F, = = .
(K =1)PpVoe (K = 1)Voe &= PLy (0)?|(u)]?

where u runs over all out of cell users.
When Magnolia’s maximum ratio combining scheme is used, the F' factor is given by

Fatne = —— P Ly )], ()" cvn () + B ()" B (10)
(K — 1)V, - PLy(w)2(|an (W) 2 + | By (u)2)2 .

and when equal gain combining is used
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In order to be able to quantify the reductions in F-factor for the above, we need to make

the following convenient assumption:

e Symmetry Assumption: Consider a Honeycomb arrangement of cells. Then the

interferes are symmetrically distributed around each cell.

This assumption is intuitively appealing and simplifies the mathematical analysis. Under
this assumption, for a given home cell, out of cell interferers could be now be put into groups
Ui, 1 =1,2,3,--- each consisting of 2 interferers U; = {u; 1, u; 2} with similar distance profile
from both cells. That is PL(u;;) = PL1(U;) and PLoy(u;;) = PLy(U;) independent of
j=12.



We can then re-write

Fyipe =
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and

Since K is large, so is the number of interferers. Let the number of interferers be 2L, then

the number of sets U; is L. We next apply the weak law of large numbers, and write

L PL2 U Z s ( Ug e’ u]) +5h(ua) ﬁn(ujﬂ ),
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where E(-) denote the expectation operator, and U is a set of 2 symmetric interferers U =
{uy,us} distributed uniformly in a cell.
Since the long term fading and shadowing are independent of short term fading, we can

write

PLy(U)? o (ug)* on (uy) + Br(ug)* B (uy)]?
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We can now state the following theorem.
Theorem 1 Let F,., Fy rc and Frae denote the F' factors with no Magnolia scheme, Mag-

nolia’s maximum ratio combining transmaitter diversity and Magnolia’s Equal gain combining.

Then

2 o () o (1) B (1) B 1) 2
Fure  BQCim — anta) PP )

F. E(Z2 [ (uy)] )
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7 2 ()P
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where o(u;), B(u;),v(u;), 7 =1,2 are short term fading coefficients.

, (1)

, (2)

Proof: The proof easily follows by combining the above equalities. [J

2.4 Magnolia’s MTD Capacity Increase

Using the above theorem, we compute the ratios £ A and L £2< under the assumption that

for each j =1, 2:

o Y(uj) = ap(u;) and v, (u;) = a,(u;) (This assumes that the first transmit antenna for
a Magnolia’s mobile unit is co-located with that of a classical mobile unit that does

not use Magnolia’s scheme).
o Oy(u;) and By (u;) have respectively correlation r = 0.5 with ay(u;) and oy (u;),
e The pair ay(u;), and a,(u;) are independent, and
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Fyure/Fe | Fpae/Fe || Cure/Ce | Crae/C.
0.3620 0.4068 1.4147 1.3746

Table 1: F-Factor Reductions and Capacity Gains for Magnolia Schemes for Antenna Cor-
relation Factor = 0.5

e The pair §,(u;), and 3,(u;) are independent.

e The difference between the orientation of mobile units with various base-stations are

taken into account.

The results are presented in Table 1.
For a CDMA system, it is well known that number of users in the system is given by the
Pole Capacity Formula

1 1

N f = L=
umber of Users (1 + F)V..SINR - (1+ F)V,.SINR )

where V. is the voice activity ratio, and SINR is the signal to interference and noise ratio
for each user. From Magnolia’s experience, the typical value of F' is about 0.85 (without the
application of Magnolia scheme). Using this value and the above formula, we can compute
approximate values of the ratios of capacities for Magnolia’s MTD-MRC and MTD-EGC
schemes over the capacity with no diversity scheme for antenna correlation factor r = 0.5.
These are respectively denoted by Cyre/C. and Cgrae/C., and are tabulated in Table 1.
From the above, one expects to observe capacity gains of about 37% to 41% using the

Magnolia transmit diversity schemes.

3 Magnolia’s MTD Gain in The Presence of ICT

In this section, we will show that the gains of Magnolia MTD schemes are independent of

those of ICT. In order to prove this result, we make the following assumptions:

ICT Assumptions:

e The base-station receiver does not have any knowledge of the channels of out-of-cell

interferers.

10



e The base-station receiver treats the out-of-cell interference as Gaussian noise.

e The ICT algorithm uses linear combining of signals received at receive antennas 1,2,--- | N

of the base-station.

e All the underlying sub-channels from each given uplink user to receive antennas of the

base-station are i.i.d. Gaussian with zero mean.
o [f the ICT algorithm is applied, then it is applied in every cell.

e The short term fading components of the channels of all uplink users to the base-station

receive antennas are all i.i.d. Gaussian with zero mean.

The above assumptions are relatively realistic, since each base-station usually only unmasks
the long code of it’s home cell users. Also, in typical applications, only linear interference
cancellation techniques (such as MSINR or zero-forcing interference cancellation techniques)
are used.

Let us assume now that ICT is employed in cell A. Let the signal vector received at
receive antenna j = 1,2,--- , N at time ¢ be r;(¢). Let r(t) = (r1(¢t),--- ,rn(t))", where the
column vector (r1(t),--- ,rx(t))T is the transpose of the row vector (ri(t), - ,ry(t)).

Let H. be an N x K matrix corresponding to the channels between home cell uplink users
1,2,---, K to receive antennas 1,2,---, N, assuming that Magnolia scheme is not used in
cell A. For the case, when Magnolia’s mobile units are employed in cell A, let Hj; denote
the equivalent N x K matrix corresponding to the combined channels between antennas 1
and 2 of each home cell uplink users 1,2, -, K to receive antennas 1,2,--- , N. Let S = 2L
denote the number of out of cell interferers. Similarly, let G. and G, respectively denote
N x S channel matrices of interfering signals for the classical and Magnolia mobiles. If the
column vector of signals transmitted from antennas of home cell and out of cell users are

c(t) and c;(t), (respectively Cprqq(t) and cpraq,1(t), ), then
r(t) = Hec(t) + Geer(t) + na(t) (4)
for the classical mobile unit case. When Magnolia’s mobile units are used, we have

I‘(t) = HMCMag(t) + GMCMag,[(t) + ng(t), (5)
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where n;(t) and ns(t) are Gaussian noise terms representing thermal noise with the same
temperature.

We can now prove the following Lemma.

Lemma 1 Linear combining based ICT at Cell A does not decrease the power of out of cell

interfering signals.

Proof: For any uplink transmitter 7 = 1,2,--- K, an ICT algorithm based on linear
combining computes a vector A; = (X1, -+, \jn), given the matrix H, (respectively Hy).

It then forms the combined signal
Ajr(t) = AchC(t) + AjGCC[<t) + Ajnl (t) (6)

for the classical mobile unit case. When Magnolia’s mobile units are employed, the combined

signal is given by
Ajr(t) = AjHMCMag(t) + AjGMCMag,I(t) + A]ng(t) (7)

Since, G, (respectively G) are not known, the vector A; is only a function of H. (respec-
tively Hyy). Since the columns of G, (respectively G)) are i.i.d Gaussian with zero mean,
the statistics of columns of AG.c (respectively AG)s) and Any(t) (respectively Ang(t)) are
identical to those of G. and ny(t) (respectively G,, and ny(t)). This implies that the total

power of out of cell interfering signals remains the same. [

In order to present the main result of this paper, we need to compute the effect of ICT
gains on the pole capacity formula. To this end, consider a cell with K — 1 home cell
interfering uplink users and S = 2L interfering uplink users. The signals of all home cell
users arrive at the base station with power P,,. Thus the home cell interference is given by
Py. = (K — 1) Py, Ve, where V. is the activity factor. Let the out of cell interference power
be P,. and the thermal noise power be 0. Then SIN R, of the desired uplink user without
the application of the ICT algorithm is given by

Py,

SINR, =
(K - 1)Pth‘/ac + Poc + o?

(8)
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Now let us assume that the ICT algorithm is applied. The ICT algorithm produces an SINR
gain of G. This means that SIN R;cr of the desired user following the application of the
ICT is given by

GPy,
(K - 1)Pthvac + Poc + 02

SINRjop = (9)

By previous lemma, the ICT algorithm does not affect the out of cell interference power P,.

and o2. Thus the F factor is still given by

P
F = oc ) 1
(K —1)PiVae (10)

Assuming that the system is heavily loaded, we can ignore the contribution of the thermal

noise o2 in Equation (9) and solve for K to have

G

K p—
SINRicrVa(1 + F)’

(11)

where SIN R;cr is the SINR of uplink users after the application of the ICT algorithm.

We can now prove the following Theorem:

Theorem 2 The Capacity Gain of Magnolia’s Schemes are independent of those of inter-

ference cancellation algorithms.

Proof: Consider a cell with K home cell users and with power control loop target Py,. It is

seem from the capacity formula given in Equation (11) that

G
~ SINRicrVee(1+ F)’

K (12)

where STN Rjcr is the target receive SINR of the uplink users (after the application of ICT).

Comparing this with the classical pole capacity equation, we see that the capacity gain
of the ICT algorithm is G. The capacity gains of the Magnolia schemes are obtained by
affecting the F' in the above, which is clearly independent of G. [J
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