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Abstract— In this paper, we introduce the model for a Gaussian

SHC, more than one transmitter might send different parts of

soft handover channel (SHC), which adds a new dimension of the information destined for a particular user. In a SHC, we d

flexibility to the well known interference channel (IC). We provide

a unified framework for computing achievable rate regions for
the soft handover channel in both the uplink and downlink cases.
This achievable rate region for SHC is given by the convex hull

not allow distributed MIMO [2], signal level cooperative][3
or cognitive [4] transmission strategies.
A SHC naturally arises in many practical scenarig,in a

of the union of certain multiple access, interference, broadcast cellular system, due to node mobility a user’s signal is ikeck
and Z—channels. Some properties of the achievable region are at more than one base station with varied strengths [5].

studied. Specifically, we show the following key results: i) In an
uplink SHC, there are channel conditions under which decoding

at a single receiver based, for example, on a maximum SNR

However, typically, data is decoded separately at each of
the base stations and if a valid CRC is obtained at any of

condition, does not achieve the entire boundary of the achievable the base stations, that decoded signal is used. Applying the

region. ii) In a downlink SHC, multiple base stations should
transmit independent information to all users to achieve the
boundary points of the achievable region and iii) When a mobile
communicates with multiple base stations, the ratio of uplink
rates with different base stations could be different from the
ratio of the downlink rates with those base stations. A simple
outer bound on SHC capacity based on the capacity of MIMO
systems is also given.

Index Terms— Interference Channel, Multiuser capacity, Soft
Handover.

I. INTRODUCTION

decoding mechanism proposed in this paper to such a cellular
network, both base stations 1 and 2 would forward their
independently decoded information via a backbone network
to the intended destination (see Figure 1). Such a scheme
only requires nominal coordination messages between the
receivers as opposed to a case where entire received signals
are exchanged.

We consider a multiuser system, for simplicity, with two
transmitters and two receivers. For this system, we first-com
pute a quadruple of achievable rates, between each traesmit
receiver pair. This achievable region is obtained as theecon
hull of the union of the achievable region of certain mukipl

Computing the capacity of wireless networks is an area Witftcess, broadcast, interference afithannels. We refer to
a rich history and several outstanding contributions haenb these channels as the component channels of the SHC (details
made. Although the general multiterminal capacity problefq Section Ill). We then apply two different linear mapping
remains unsolved, significant results have been obtainedfigm this rate-quadruple to two dimensional rate pairs: one
many special cases.g. relay channel, multiple access chanmapping provides an achievable region for the uplink SHC

nel (MAC), and broadcast channel [1].

and the other mapping provides an achievable region for the

In this paper, we introduce the model for a soft handovelownlink SHC.
channel (SHC), which adds a new dimension of flexibility The main contributions of this paper can be succinctly
to the well known interference channel (IC) [1]. Furthersummarized as follows.

we classify SHC’s into two types: the uplink SHC and the , We propose a unified framework for computing the

downlink SHC (formally defined in Section Il). The principal
difference between an uplink SHC and an IC is that in the
former there is no designated receiver for each user. In a3, SHC

the transmit signals of all users are received at multipgérit

achievable region for the uplink and downlink soft han-
dover channels. In particular, this framework provides
the network operator a method for computing/selecting
an operational point on the boundary of the achievable

receivers and each of these transmit signals can be decoded
from any one receiver or a combination of receivers. However ,
the received signals from multiple distinct receivers @inn

be collated together for joint decoding. Similarly, the mai
difference between an IC and a downlink SHC is that there is
no designated transmitter for each user in the later casa. In
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region for both uplink and downlink communication.

In an uplink SHC, allowing each user to connect to a
single receivermight not achieve the boundary of the
achievable region. In other words, the achievable region
of the uplink SHC might not be dominated by the achiev-
able region of any one of the component channels. Thus,
choosing (based, for example, on maximizing the signal-
to-interference-plus-noise ratio (SINR)) a single reeeiv
to decode each user might not achieve the boundary of
the achievable region. Hence, a practical implication is
that soft handoff is a critical requirement for improving
uplink system performance.
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« Similar to the uplink SHC, the entire achievable regio
of the downlink SHC is not obtained by transmitting
to each user from one location. In other words, all th
transmitters might have to use a fraction of their powe
to send information to all users.

« Inthe special case of a symmetric uplink SHC, with equi
transmission powers for the two users, the achievak
region of the SHC is dominated by the achievable regic Base station 1
of an interference channel. Hence, in this special cas
it is sufficient to pick a unique location (base station
to decode for each user. In contrast to the uplink SH(

Backbone

Base station 2

for a symmetric downlink SHC with equal transmissiol
powers, the entire achievable region is not attained | ’
transmitting to each user from a unique location. & Mobile 1 Mobile 2

o If one of the two cross over channel gains equa
zero (.e, channel is actually aZ-channel) and the
nonzero cross over channel gain satisfies certain con...
tions, the entire achievable region of the uplink SHC i'§. 1
obtained by picking a unique receiver to decode for each”
user. However, in the downlink of &-channel, both the
base stations need to transmit information to one of the
users to obtain the entire achievable region. receivers. Received signal§ andY; at the two receivers are

« As mentioned before, the network operator can use tg&en by,
framework to determine an operating point that optimizes
a desired metrice.g. maximum sum rate, pricing based i = hXithaXs+2, @)
fairness, maximize the minimum rate. To illustrate this Yo = hiaXi+ hoeXo + 2, (2)
flexibility, we consider optimization of a linear combina- here, Z, represents the additive Gaussian noise at the

tion of rates and show that the proportion of rates at Whié,'ffu,b receiver andh.. is the channel gain between useand
a user communicates with the multiple base stationsiis veri Let P blj the power con tgr] int on signal ando?
different for uplink and downlink data transmission. FofeceIVels. Let ks be the power constraint on sig ando;

nstance, depending on the chamnl gains, & user mir°SeTL e vetnce d. This merrence chamne i (0
receive its entire data rate from one base station 9

the downlink while in the uplink, the user might send” standardform [7] given by,
independent data with nonzero rates to more than one Y,
base stations.
« Simple outer bounds based on capacity of single user
MIMO and broadcast MIMO channels are also given. "2 o2 . ) )
here, ¢;; = $ L and Z; is unit variance Gaus-

In this paper, we construct Gaussian codebooks at tWe ) hiiog o B
transmitter to compute the achievable region for the SHE'an NoISe. Fuzghlgr, the power constraint is now m'O'dIerd
It should be noted that such a restriction to Gaussian cod® E[X?] < =45 = P;. We focus on this modified

books are strictly suboptimal in certain scenarios everhén tchannel model in the rest of the paper. Denote dyhe

Schematic of a Soft Handover Channel

= X1+021X2+Zlv 3
Y, = c12X1+ Xo + Zo, 4)

presence of only G.aussia_n. noise.[6]. We c;onsidt_—ar a timgmtrix of channel gainsj.e, ¢ = L cx _ Define
invariant channel with additive white Gaussian noise at the ciz 1
receivers. R2><2(C117Clg,CQl,CQQ,N],NQ,Pl,PQ) as the quadruple of

The rest of this paper is organized as follows. The systdifi€S£ti; that can be achieved between the transmitter and

notation is introduced in Section II. Achievable regions fo/ . feceiver under the given transmit power constraints, where

the uplink and downlink SHCs given in Section Ill. NumerZV: represents the variance of the noise atitfiereceiver. Let
= 0.5log(l 4+ z) andz = 1 — z. All logarithms are to

ical evaluation and some properties of the achievable negig(‘”) R
are discussed in Section IV. Section V provides concludifif*S€ 2 in this paper.
remarks.

A. Prior Work

Il. SYSTEM AND PROBLEM FORMULATION Computing the quadruple of achievable rates for the general
Consider a multiterminal system with two transmitters sen&h?n_nel _'nk(3)'(4)_ is still an o_p?n problemd._ Howev(;art,) tlhe
ing signalsX; andX., respectively, which are received by twg>2'Ution IS known is many special cases as discussed below.

1) Multiple access channel (MACYor the MAC channel
1For the other user, data is only received from one base staliwe one bet‘_’veen th? two transmitters and the first receiver, theaigpa
of cross over channel gains equals 0. region Is given bYRMAc(Cu, €1y N1, Py PZ) = cou
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(R11,0, Ro1,0), whereco represent the convex hull operatioriR ;¢ (c11, ¢12, ¢21, a2, N1, No, Py, Py) = coU (R11, 0,0, Rao)
and R;; and Ry; are such that
1 2t = COUqy g aefo,1] {(R11,0,0, Ro) :

Ry, < C (131]\?1%1) ®) Ru < XC (ai%fl> + )\min{C (%) ;
Ri1+Rn < C (W) . (7) Ry < XC (C%]if/fé\)Q) + )\min{C <]\h);cg—iﬂc%P1204P1> ,
Since the capacity region does not dependcon ¢, and C <]V2)\C%ii§;aﬂ> }} U{(R11,0,0, Ra2) :

N, these quantities are not explicitly shown as parameters in ) )
Rarac- Similar constraints can be written for the capacity of; | < i ) Ray < C ( 39 P >}10)
the MAC between the two transmitters and the second receiver  — Ny + ¢ P)’ - Ny + i, Py

2) Broadcast channel (BC)Although the capacity region wherez = 1 — z and «, 3, and \ are equivalent time-
for a broadcast channel is not completely known in the génegharing parameters. Several variations of IC capacity have
case, the capacity region is completely specified for a diegra been recently studied including the cognitive interfeeenc
broadcast channel. The Gaussian broadcast channel is adfennel [4], the Gaussian Zig-zag channel [17], interfegen
graded channel (with single transmit and receive antermé) ahannel with common information [18] and game theoretic
its capacity region is completely known [1]. For the broalcaapproaches to IC [19], [20].
channel from the first transmitter, the capacity region i®@gi  4) Z-channel:Achievable regions for th&-channel, which
by Rpc(ci1,¢12,0,0, Ny, No, P1,.) = coU (Ry1, R12,0,0) is a special case of the IC, is considered in [21], [22]. For

N

such that the Gaussian Z-channel, the achievable region is given by
. P Rz(c11,0,¢21, c22, N1, No, Pr, P2) = cOU (Rq1,0, Ra1, Ra2)
Ry, < c( ]1\/} 1) (8) such that
1
Py
2 Ry < C|—575~ (11)
acis P 11 < 2
< 2. 9 Ny +c5, 8P )
Ry < C<N2+ac%2P1)’ ) (N1 21 )

Ry < C(M) (12)

where0 <a <landa=1-qa.ln (83\—’(9), it is assumed with N +¢3,P2)
out any loss in generality that- < 2. Similar constraints P, +¢c2,(1—pB)P
can bg written %or the )t;roa%%a;t channel from the second Ru+ R < C( 1;\: ~2k1(c2 /BIE) 2) (13)
1 21 2
transmitter. BPs
3) Interference channel (IC)The capacity region of the Ryp < C <]\[2+(1_ﬂ)]32) ’ (14)
interference channel (IC) has been widely investigated [8k

for a comprehensive survey). The capacity region of an I\&hereo < @ < 1 represents the fraction of power of
P Y). bactly reg transmitter 2 that is used to send information to receiver 2.

1S completgly known only in a few special scenarios; fO'f'he achievable region in (11)-(14) is under the condition
instance, withstrongor very stronginterference [7], [9]-[14]. n, 5 N1+ P 9 N . .
- : : ; 7 <y < gt If 3 < R, the achievable region [21]
One surprising result is that the IC capacity region undéf: L 2 ] 2 . .
. . . - IS very similar to the region above with the difference thma t
very stronginterference is the same as the capacity region und in (14) is replaced b
when there is no interference. In general, only outer an(? P y
inner bounds on the capacity region are known. The outer Ryy < C <5P2> (15)
bound in [15] improves the outer bounds in [9], [14] and is - 2
currently the best known outer bound on the capacity °f§milarly
Gaussian interference channel. The achievable regionli [} '
. . . - _y!
still remains the best known achievable region for an IC:
however, computing that region is a prohibitively complgx o Ri1 C <Pl> (16)
eration. In a recent work, Sason [16] provides a simple way of N
calculating an achievable region for the Gaussian inteniees C 3 (1 - BP) (17)
channel. The achievable region in [16] is a combination of M
the time division/frequency division multiplexing regi@nd Pi+E,(1-p3)P,
time-sharing between two different rate-pairs similar he t Ry + R C < N, >
two corner points in a MAC capacity region. We extend this 3P
achievable region ( [16], Theorem 1) to include the rate pair Ry < <NlZP) .
given by single user decoding. The resulting achievabl®neg 2+ (1= 0)R
In the special case of all three channel gains being unity,
°The  capacity region can also be denoted af'® Capacity region for the Z-channel is completely spetifie
Rpc(ci1,cie, ., ., N1, N2, P1,0). in [22].

forc3, > HERL the achievable region [22] is given

IN

=
N
IN

IN

(18)

(19)
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I1l. SOFT HANDOVER CHANNEL C. Achievable region

In this section, we formally define the uplink and downlink
soft handover channels and provide achievable regionséor t

same. Definition 5: (Achievable region for general multiterminal

networks)A rate quadruplé R;1, R12, Ro1, Ra2) is achievable
A. Uplink Soft Handover Channel if there gxists a sequence quan’2nR12’2n1.%.21’2nR22)’n)
codes with arbitrarily small average probability of error.

In the traditional interference channel model, the signal
of useri is decoded at receiver from received signaly;. A ((2"f1,2nfhz gnfian 9nft22) p) code and the error proba-
Recognize that usei’s signal can also be decoded fronbility of a code are defined identical to [1] and are not repeat
signal Y;,j # i when¢;; # 0. In cellular systems, such here.
situations arise when users are in soft-handover mode fth so . . . . .
handover mode, each of the mobile users data are anowe&'heorem 6: (Achlevqble region for Gau.53|an mu_ltltermmal
to be decoded from either received signal. Traditionatig t SYStem Wwith 2 transmitters and 2 receivéns) achievable
maximum transmission rate for each user is defined as fiR9I0M: Rax2(c11, €12, €21, €22, 1, 1, Py, P), in 4 — D space
maximum rate at which the user's data can be decoded at 4ythe M = N = 2 network is given by
one of the receivers.

Definition 1 (Uplink SHC):Consider a network consisting
of M users, each transmitting a signal that is receivedvat
receivers. Each of the transmitted signals has to be dednded

at least one of the received signals; clearly the signalsvof t Raxa(en, ez, a1, 02,1,1, 1, By) - =

different users may be decoded from different receiverg Th arRpac (011707021,07 L, ~7P1(1),P2(1)) +

receivers are not allowed to combine their received sigtmals 2) 52

jointly decode the transmitted information. However, eliéint azRyrac (0’ c12,0, 22, ., 1, 17, By ) +

i Il iff f th

;z%etnée}:/rzr?;euiefwed to decode different parts of the ngessa +asRic (Clhclg, 21,022, 1,1, P1(3),P2(3)) n

For simplicity, we considef/ = N = 2 in this paper. asRrc (0127011,6227021, 1 17p1(4),p2(4)) T
Definition 2 (Achievable Rates: uplink SHCJhe achiev- 5) 2 o) o)

able rate,R;, for useri in an uplink SHC is the sum of the +aslz (011,0,621,022717 L+ PV cty, Py, Py ) +

rates at which independent information transmitted froer us 6 6 6

is decoded by all the receivers. acliz (011’612’0’622’ 1+ B, 1, P By )) +
Given a 4-dimensional achievable region for the gerral +arRpc (cu, €12,0,0,1,1, P{", ) i

2 channel, an achievable region for the uplink SHC is given

by the following mapping from 4-D space to 2-D space, agRpe <0,0,021, c22,1,1,., P2(8)) (22)

&u(R11, R12, Ro1, Ro2) = (R11 + Ri2, Ro1 + Ra2).  (20)

B. Downlink Soft Handover Channel

8 8
Definition 3 (Downlink SHC):Consider a network consist-wherea; > 0, Pj(l) > 0, Zo‘i =1and Zain(l) < Pj, j=
ing of M base stations transmitting signals that are received i=1 i=1
at N receivers. The message for each receiver can be sé’rﬁ

from one transmitter or a combination of different transensg. Proof: The MAC, IC, BC, andZ-channels are referred to as

However, the t.ransn?itters are not allowed to “cooperafivel o constituent components of the SHC. The achievability of
transmit the signals; the different transmitters may mais gch of the individual constituent regions in (6) is direomf

different_parts of the message for each user. Clearly, treats prior results on capacity of MAC, BC, IC, and—channel.
of two different users may be transmitted from differentebasygte that in the constituetst —channels, the noise at one of the

stations. _ _ _ receivers is increased to include the effect of the interfee
Definition 4 (Achievable Rates: downlink SHCJhe from the appropriate user. This increase in the effectiviseno

achievable ratef;, for useri in an downlink SHC is the \rjance is required since the channel may not be a true

sum of the rates at which independent information from the_-nannel but is being modeled by an equivalenposed

different transmitters is decoded at uger Z—channel. The remainder of the proof follows directly from
Given a 4-dimensional achievable region for the genral siandard time-sharing arguments. 0

2 channel, an achievable region for the downlink SHC is given
by the following mapping from thé — D space t®— D space, Next, we evaluate the achievable rates using simple trans-
mission schemes like FDMA/TDMA and using a single user
¢a(R11, Ri2, Ro1, Roz) = (Ru1 + Ra1, Ri2 + Ra2)  (21)  decoder which treats the interference as noise.
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D. FDMA/TDMA achievable region E. Single user decoding achievable region

Using single user decoding (SUD), the achievable rates for

Using only FDMA/TDMA the achievable rate pairs, : ;
the uplink SHC are given by

(R1, R2), in an uplink SHC is easily computed as,

el ()
2 ) o2t
R < amax{C(F)l),C(ClQPl)} b (Poc3y +1) (P +1

a

Pymax{1,cf,} i = C (Pl max{ 21 ) ‘iz } ,» (29)
= aC (al?> (23) (P;;m +1) (P J(;DP2
R, < (1a>max{c((1f2a)) ,c(é%%)} fa = max{c((ac%ﬁll)) ’C<C<§1+ 1))}
2 = (| P,max . (30
- (- (Pl (24) (w0

In this case, each user is decoded at the receiver where its

where,0 < « < 1, represents the fraction of bandwidth/time-SINR is maximized.

slot allocated to user 1. The FDMA region is obtained by FOr the downlink SHC, by single user decoding we imply
decoding each user at the receiver where its signal is mmtei%at each user only decodes information meant for itself.

with highest SNR and allowing a dynamic sharing of theFurther, if the data for a particular user is transmittedrfro
available spectrum/time-slots. two different transmitters, then we do not consider sudeess

.decoding of those data at the receiver. However, we do allow

It can be easily shown that the maximum sum rate usin . .
FDMA is attained by allocating the total bandwidth to th Each transmiter to use a dirty baper code (DPC) .[23] o se_nd
e data to the two users. In this case, a transmitter sending

two users proport|0na_l t(.) the rece*|ved powe*rs. Consequequlformation to the two receivers can create a DPC in two ways:
the individual transmission rateR; ppy 4, B3 ppaa that

maximize the sum rate are qiven b i) treating the data for user 1 as interference and ii) tnggtthe
9 Y. data for user 2 as interference. Consequently, the achevab
region of the downlink SHC under these conditions is given

P,
LFDMA = Wilpﬂz)C(Rxl + Pyxy), (25) by (Ri, R2) = CO(Ry11 + Ra1, Ri2 + Raz) such that
PQZCQ apl dPlC%2
RS , = ———C(P; P. 26 Rh<C|——— |, R <C|———F— ] |U
2:FDM A 2(Piz1 + Poxa) (Prwy + Paxa), (26) ( 1= (1+c§1P2) 12 S (1+P2 + e, Pa
aPy aPc3,y
where, z; = max(c?,,1) and xo = max(c3;,1) and the (RH =C (1 +c3, Py + o_zPl) RUCERS (1 + Py
maximum sum rate using FDMA equals(Pyx; + Pexs). BP: BPsc?
One interpretation of this FDMA region is that the rates aréRm <C (22) s Rop < C (2221>) U
- 1+012P1 - 1+P1+021P2,6

equivalent to those achieved in a single user, single transm =0 o
two receiver antennas system and performing receive aatenn (R21 <C (25]32_> ,Rap < C (ﬂchm)) , (31)
selection diversity. L+ ci P+ P, 1+ P

For the downlink SHC, the achievable rates using a gengfhere0 < ., 3 <1 andz =1 — z.
alized FDMA/TDMA with power scaling is given by

Ry

IN

"C (51]31 + 52031]32) F. MIMO system outer bound

27
G Ina SHC, we do not allow centralized processing (decoding)
Ry < (1—a)C (1= Bo)Py+ (1 — B1)c3, P 28) of the received signals from the multiple receivers. With a
2 @ (1—0) ’ central decoder, the SHC simplifies to a standard multiple
input multiple output (MIMO) channel, whose capacity is

where0 < a, 81, B> < 1 represent the time sharing and powefnown in many settings [24], [25]. This MIMO channel

sharing parameters. Essentially, (27) represents thennuai CaPacity provides an outer bound on the capacity of the kiplin

sum rate of a MAC that is used far fraction of time, where SHC and is computed as follows:

the transmitters have powey$ P;/a and 52 P/« and the .

corresponding channel gains ateand ¢3,. The maximum Rivmimo < log(pid), i=1,2, (32)
: 9% ;

sum rate using FDMA is given by (max(P1 +c31 P2, P+ yhere, ), is the square root of the singular value of

ci,P1)): This maximum is attained when the rate of one us ¥(i,1) c(4,2)] and p; = P; + 1/\;. Further, a bound on the
decreases to 0 and the entire power and bandwidth is used i, (ate is obtained as

send information to the other user.

«

2
Ry, .mimo + Rao:mrvo < Z log(pvi) ™, (33)

3since there is no interference. i—1
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2 . . . . .
. . e _ _ compute arapproximatiorto the achievable region. Recognize
where, . is selected using water-filling &8 + P, = Z;(“ that the achievable region given in Theorem 6 is convex. Thus

1/7:)F, v is the eigenvalue oé”c and (z)* = max(x,0). a_family of lines of the_formRﬁwR_g for different values_oiu
It turns out that in many scenarios, the outer bounds dHll touch (be tangential to the region) the “face” of the &nh
R;..m1mo are loose since we do not allow the receivers @ble region at different points on .the boqndary. C;onsi@,_arin
jointly decode the signal. These outer bounds are plotted Ny different values ofv and finding the intersection point

Figures 2a-4a and discussed in Sections IV-B and IV-D. with the achievable region will enable us to compute différe
points on the boundary. Connecting these points by straight

lines provides an approximation of the achievable regidre T

G. MIMO Broadcast Channel Outer bound more the number ofv values considered, the closer is the
The capacity of the MIMO broadcast channel has beqpproximation to the true achievable region.

recently computed in [26]. We make use of that capacity tesul For a fixedw, to find the point where the family of lines

to compute an outer bound on the capacity of the downlinig, 4 R, is tangential to the uplink SHC achievable region,

SHC? To compute the outer bound, we assume that bqﬂfé solve the fo"owing optimization prob|em:

the transmitters are present at one location with two effect

transmit antennas. Instead of a joint total power condtiain max Rq11 + Ri2 + w(Ro1 + Ra2) (37)

Py + P, on the two antennas, we impose individual power s t(R,, Ry,, Ro1, Ros) € Raoxa(1,c12,¢01,1,1,1, Py, Py)

constraints of P, and P,, on the two antennas. Lell; =

[c11 c21] and Hy = [c12 co2] and let @y, S, Q- be positive The variables of optimization in (37) are;, P, Pi,i =

semidefinite matrices such thétis of the form 1...8, with the constraint thad "a; = 1,> o, Pl = 1,j =
S = ( Zl ; ) , (34) 1,2. Clearly, (37) is a convex obtimizationlproblem (since the
2

achievable region is convex) and hence, the local minimum is

where —/PP, < s < /PP, (to ensure positive semi- a global minimum. The objective function in (37) is, however

definiteness) and); + Q» < S. Then the following two rate not strictly conveX and thus, there could be multiple optima.
pairs are achievable, The existence of multiple optima indicate the possibility

that various coding and decoding schemes could achieve the

t
R, < C(HlBH{), Ry <C <HQDF?> (35) boundary of the SHC. Representative numerical resultsaf su
, HiBHy +1 optimization are given in Examples 7 and 8.
H,BH i i N i
R < C ( 1 . 1 ) ,Ro < C(H>DHY). (36) For the downlink SHC, the _achlevable region is computed
HyDHj +1 by solving the following equation:

The convex hull of the union of these pairs over all possible
S,Q:, and Q, matrices yields the capacity region for the max Ry + Ro1 + w(Raz + Rao) (38)
MIMO broadcast channel. These outer bounds are plotted inS-t(f11, Ri2, Ro1, R22) € Raxa(1, 215012, 1, 1,1, P1, P)

Figures 2b-4b and discussed in Sections IV-B and IV-D. . o . o
g 'BIPe variables of optimization in (38) are;, P{,P},i =

In the next section, we evaluate the achievable regions f i ) ;
the uplink and downlink SHCs in a few special cases and stuay' -8, with the constraint tha‘Zai = L Zain =

their properties. 1,5 = 1,2. The properties of this optimization problem are
similar to the uplink optimization problem. In the follovgn
IV. SHC: ACHIEVABLE REGION AND PROPERTIES examples, we discuss some representative numericalgesult
A. Computing the uplink and downlink SHC achievable regidhe optimization.
for 2 x 2 system Example 7:Consider uplink SHC optimization problem
Consider both uplink and downlink transmissions for a twawith ¢ — | - Vo4 and weightw = 2. The result

; ; : 0 1
user system in soft handover with Mo base Sté_lthﬂS.'V})/e & the optimization givesRy; — 0.7336, Rip = 0, Ry —
sume that the channel gain betweenfiebase station angf S :
o . . . 0, Roo = 1.404. For the same channel conditions, the downlink
mobile is the same In both the uplink and downlmg.a TDD optimization results in the following values for the rafes =
system. With this assumption, to find the achievable redions P 9 iy

the uplink and downlink SHC’s we need to compute g, - 0.399, Ry = 0.188, iy = 0, Ry = 1.273. In the uplink,
. . . . both users are decoded at only one location each, whereas for
regions forc andc’ respectively, where subscriptepresents oo . ;
. : .~ _the downlink, independent data is sent from both base stio
matrix transpose. Mappings (20) and (21) are then applied.10

. i ) . . “to user 2 and only from one base station to the user 1. In this
the respectivéR, 2 regions to find the uplink and downlink : :
. . example,12.8% of rate for user 2 is sent from base station 1
SHC achievable regions.

Numerically evaluating the achievable region for the u and the rest from base station 2. Since= 2, user 2 has
y 9 9 F?ﬂgher preference in selecting the operational point, tvhisc

link and downlink SHC using _Theorgm_G 'S computat|onall¥eﬂected in the fact that user 2 has higher rate in both the
prohibitive. We use the following optimization frameword t uplink and downlink than user 1

4A similar outer bound is calculated in [4] for the cognitiveidrference
channel. St is easy to see that the objective function is linear in sheariables.
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Example 8:In this case, letc — 1 V0l } and Of the Gaussian BC, one of the receiversbiter than the
_ V09 1 other and can decode all the information that is transmitted
weightw = 0.95. The result of the optimization give811 = The same sum rate can be obtained by considering a MAC

0.577, R1z = 0, Ro1 = 0.062, Rap = 1.23 for the uplink case. it one of the transmit powers equal to zero. Thus,
For the same channel conditions, the downlink optimization

results in the following values for the rat&s; = 1.37, Ry =
0, Ro; = 0, Roo = 0.508. In this case, user 2 has higher rate
in the downlink and user 1 has higher rate in the uplink forthe ;. max Ry =C(P). (39)
. X i 1,0)=0¢n mac(l,.,¢,.,1,.,P1,0))

same channel. Even though= 0.95 results in slightly higher
importance to the rate of user 1 in the optimization function O
it turns out that in the downlink, user 2 has a higher rateesinc Next, we show that in the symmetric case, the MAC
its channel gains from both base stations are higher than #i@Pacity region is contained inside the IC achievable regio
channel gains experienced by user 1. The data of user 1afer mapping t& — D regions for uplink SHC.
decoded at only one base station, whereas part of the data dfemma 10 (MAC and IC: symmetric cas&jonsider — a
user 2 is decoded at both base statioh8% of rate in one Symmetric channel with 2 nodes transmitting to 2 base
base station and the rest in the other). In the downlink, onjations,i.e. c1o = c2; = ¢ and without loss in generality let
base station 1 transmits to user 1 and base station 2 transmit< 1. Further, let the transmit powers be equhl, = P».
data to user 2. The rate pairs of both the constituent MAC capacity regions

These examples indicate that a network provider could ugge contained within one of the IC after mapping2te- D
a similar framework to compute the system operational poiigions using (20)j.e. ¢u(Rayac(l,.,¢c,.,1,., P, P2)) C

max
(R1,0)=¢4(RBc(1,c,.,.,1,1,P1,0))

For example, the provider could maximize a linear/nonlineg«(Ric(1,1,¢,¢, 1,1, P, P5)) and
combination of rates for each user to ensure faimess ®r(Raac(-1,.,¢,..1, P1, P2)) <
provide pricing based service differentiation using tytifunc-  ¢u(Ric(1,1,¢,¢,1,1, Py, P,)).

tions [27]. Proof: It is sufficient to show that the two significant cor-

These examples also illustrate that if a network provid@ers of both MACs (for instance points A,B,E and D in
chooses to optimize a weighted linear function of the ratefsigure 2a) are contained within the achievable region (10)
then it may not be optimal for each mobile to transmit an@f one of the interference channels. Tt%,, R») coordinates

receive the same percentage of its rate from a particula ba$ the four corner points ared : (C(P,),C (ﬁ;fl ,B :

station. This observation has an enormous implication en t P ) P )
encoding and decoding method to be used is in the netw E 1+C%P2) ’C(PQC2)) B (C(PlcQ)’C (1+1°2102 D
and also on the data routing in the backbone netfork. C lpijfg) ,C(P2) ). Recognize that two of these corner
points, namelyA and D, are already included in (10). Clearly,
B. Symmetric SHC the convex hull in (10) includes the straight line segment

between these two corner points. The equation for the line

Consider a symmetric SHA.g. ¢ = ca1 = c and FUther joining these points is of the form, + Ry = C(Py + Pyc?).
let the transmit po_vver:?l and_PQ be equal. In _th's Case, Wenow, settingP; = P», we find that all four corner points lie
show that the achievable region of the SHC is dominated the same straight line. To complete the proof, we need to

the achievable region of one of the constituent interfeeengerify that pointsB and E lie between pointsd and D. It is
channels. We make use of the following 3 lemmas to Proy@ sightforward to verify that th&, coordinates of pointst

this result. and D are the largest and smallest, respectively, of the four

We first show that in any uplink SHC (not necessarily,ner noints. Similarly, thek, coordinates ofA and D are
symmetric), any rate paiti,, R) that can be achieved usingy,o smajlest and largest, respectively, of the four coro@mtp.
one of the constituent broadcast channel, can also be achieyo o pointsB and E lie betweenA and D. 0

using an appropriate MAC channel. Now, we show that with our modelling of thex 2 channel
Lemma 9 (BC and MAC)After mapping the quadruple of 5q 5 imnosedz-channel, the achievable region of the imposed

rates to the 2-dimensional rate pairs using (20), the aablev ;_ -hannel is a subset of the achievable region of the IC, after
region of a BC is contained within the achievable regiousing the mapping (20).

of an appropriate MACi.e., ¢u(Rpc(l,¢,.,., 1,1, P1,0)) Lemma 11 (IC and imposed Z-channel: symmetric case):

(b“(Rff”A.Cél"’lc’ o L .,P1,0)).|_ o . After using the mapping (20), the achievable rates with the
Prqo 'V_V't IC;Ut %SS In generality we assumes 1. The proo imposedZ-channel is also achieved using the IC, with equal
is identical for the case of > 1. transmit powerse. ¢, (Rz(1,0,¢,1,1,1,1+Pc?, P, P»)) C

hThel_intkugo%for;his Eﬁsult comes from r_ealizing that in@L(Rm(Lc, ¢,1,1,1, P, P,)), where P, = P;.

.t € uplink HC achievable region computat|on, We aré ongyqof: without loss in generality we assume< 1. The proof
interested in the sum rates achieved using each constB@@nt is identical for the case of > 1

The sum rate in a Gaussian BC is maximized by transmitting ~ ) <iar the following two cases: if < 1+119102 and ii)

all information to only one receiver: due to the degradedireat 1“1)102 < ¢ < 1. In the first case, the achievable region of
SThese implications are beyond the scope of this paper anddstey € IMposedZ-channel is given by (11)'(1.3) and (15), with
studied in future work. N, =1 and Ny, = 1+ P;c2. For the uplink SHC, recall
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that using mapping (20)R; = Ro1 + Ra2. Now, consider the  Applying Lemmas 9, 10 and 11, we know that the achiev-
rate pair¢,(Rrc(l,¢,¢,1,1,1, P, P)). It is clear thatR; able region of the constituent MAC, BC and impos&d
achieved in this IC is the same as that using the impd$ed channels are contained it (R;c(1,1,¢,¢,1,1, P, P)) after
channel. Further, notice that the bound (15) inherentlyrages mapping to 2-D region using (20). It is also easy to verifyttha
that onion peeling decoding of information correspondintpe R;c(c,c,1,1,1,1, P, P) is a strong interference channel
to Ry is carried out at decoder 2 and then informatioand its capacity is contained in the intersection of capgacit
corresponding tak,, is decoded. Hence, the same decodingf the two constituent MAC regions. Hence, the achievable
method can be applied in the IC and bd#; and Rs; can region of the uplink SHC equals the achievable region of one

be decoded at receiver 2. Thus, any rale = Ry + Ry of the constituent IC. O
that can be achieved using the imposéghannel can also be  The implication of this theorem is that to achieve the
achieved using the IC. boundary of the achievable region in a symmetric Gaussian

Now, in the second case, we show that the achievable regigslink SHC, it is sufficient to select one unique location

of the imposedZ-channel is contained in the MAC, which infor decoding each user. Different points on the boundary are
Furn is contained Ih the aCh|eva.b|e .reglon of the IC. The Mmaxchieved by Varying the Coding rates but keeping the degodin
imum sum rate using the MAC is given Iy(P +c?P,). For  |ocation fixed for each user. Note that even though one unique
the imposedZ-channel, the rate region is given by (11)-(14)gecoding location is sufficient for each usenion peeling
with Ny = 1 andN, = 1+123102- Using mapping (20), the sum decoding might be required.

H Pi+c*(1-pB)P: P ) ) i
rate is bounded by’ <71+c(2ﬁpg) =) +C —1+c2Pfk(217ﬁ)P2 - Next we show that unlike the symmetric uplink SHC, for
It is sufficient to show that this sum rate is smaller than th@e symmetric downlink SHC, transmitting to each user from
sum rate of one of the MAC’s. The difference in sum rate ¢f fixed base station does not achieve the entire boundary of

the imposedZ-channel and MAC is given by, the achievable region.
llog( (14Pi+c*Py) (14c* P14+ Py) ) — Llog(1 4+ P+ Proposition 13 (Gaussian downlink SHC achievable region):
2 (+c2BR)(A+cPt(1-F)) ) 2 ! All points on the boundary of the achievable region for
02 . . . apge
2P,) = %log ((1+c25P(21)J(r112:gP113?()1_5)P2)) (40) Gaussian downlink SHC aneot achieved by transmitting to

each user from a single fixed transmitter location.

To show that the term inside the logarithm on RHS of (40) isroof: The proof is straightforward if one considers the two
no greater than one, we expand the denominator of that tegitreme points of the boundary of the achievable region. The
as follows: boundary intersects th&, axis when both the transmitters
2 2 _ use all their power to send information to the second re-
, (1+ec ﬁPz)(l j <P j (1=5)P) = ceiver: the maximum value aR, so attained is given by the
1+ P+ P14+ 8(-1+c+ P+ (1= B)P)) = maximum sum rate of the corresponding MAC, which equals
14+ PP+ P+ PB(—14 (1 + 2Py + (1 — B)P,) (41) C(PL+c*P,). This point is also achieved by consideringa
] ) ) ] ) channel. Similarly, the boundary intersects tRe axis when
SincePy = P, andc®(1+¢*P1) > 1, the term in (41) is greater o, ransmitters use all their power to send information to

than or equal to the term in the numerator of the logarithfe first receiver and the corresponding maximum rate equals

term in the RHS of (40). Hence, the achievable region of ﬂ@(cQPl +P). 0

Z-channel is contained in the MAC channel, which in turn . . .
Numerical results - Symmetric SHChe plot of the achiev-

is contained in the achievable region of the IC after apglyin : . . -
mapping (20). able region for a symmetric SHC is given in Figures 2a and b

A similar analysis can be used to show that the achievatf];ﬁar the uplink and downlink, respectively. The transmit os

region of the other imposed-channel is also contained in the™'® o= fQ - 83%2(15 the channel cross over matrix equals

7 _ . . .
IC. 0O c= 0.3025 1 . In Figure 2a, the capacity region

Theorem 12: (Symmetric Gaussian uplink SHC achievaliethe two constituent MAC regions (with powefy and P,)
region with equal powerfor a symmetric Gaussian uplinkgre given by pentagons [0 G AB J 0] and [0 H E D K 0].
SHC, with equal transmit powers at the two transmittergne achievable region for one of the constituent IC is theesam
the achievable region of one of the interference channgls the SHC achievable region. The outer bound on capacity
dominates the achievable region of the SHC. is calculated using (33) and is clearly not a very tight outer
Proof: Without loss in generality we assume < 1. The pound. In Figure 2b, the capacity region of the two constitue
proof is identical for the case of > 1. In this case, BC are given by [0 E A 0] and [0 D B 0]. It can be seen that
we need to show thab,(R:c(1,1,¢,¢,1,1, P, P)) equals the achievable region of the SHC is larger than the achievabl
du(R2x2(1,1,¢,¢,1,1, P, P)). region of either BC or IC. The outer bound on capacity is
plotted using (35)-(36) and as in the uplink case is not a tigh
bound.

It seems counter intuitive that using (20), the achievabggoreof a Z-
channel is contained inside the achievable region of anogpiate IC. The
reason for this behavior is that since the channel is not @ fftchannel,
modeling it as an IC allows the possibility of onion peelingadding at both
receivers. In our imposed-channel model, onion peeling decoding is not 8If the transmitters are allowed to cooperate, then it woulgbssible to
allowed at one of the receivers; all the interference isilfidyctreated as achieve the same rates with just SUD at the receiver by usirtg paper
noise,e.g, No = 1 + Pic2. coding.
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Fig. 2. The achievable region and outer bound on capacity ®frametric Gaussian SHC in (a) uplink scenario and (b) downdicénario. In (a), the
capacity region of the two constituent MAC regions are gilsgrpentagons [0 G A B J 0] and [0 H C D K 0]. The achievable regmmohe of the constituent
IC is the same as the SHC achievable region. The line wittmarkers is the achievable region using FDMA for the SHC. In {{®® capacity region of the
two constituent BC are given by [0 E A 0] and [0 D B 0]. Transmityeos P; = P> = 6 and the channel matrik is as indicated on top of each figure.

C. Z-SHC and b for the uplink and downlink, respectively. The trarismi

In a SHC, if one of the cross over channel gains equals RPWErs arel; :(% = 6 and the channel cross over matrix
we refer to the channel as&SHC. The following proposition equalsc = 0 1 for the uplink case and the transpose

gives cond|t|qn_s on t_h_e nonzero cross over channel gam_t%ﬂhat matrix for the downlink case. In both cases, it turas o
ensures that it is sufficient to decode each user at only d&sm&at the achievable region of one of the compor@mhannels

receiver. : .
. ) . . . equals the achievable region of the SHC. It can also be seen
Proposition 14: Consider the uplink SHC with channelthat the outer bounds are not very tight.
. 1 C21 . . .
gainsc = . The entire achievable region of the

0 1 .
SHC is obtained by decoding user 2 at a single receiverf Asymmetric SHC
3, <torifci, >1+ P. For a general asymmetric SHC, there exist channel condi-
Proof: For the given channel, the data of user 1 can only Bi®ns when none of the component achievable regions domi-
decoded from receiver 1. The data of user 2 can be decodtde the achievable region for the SHC. We present numerical
from either receivers. examples to establish this existence result. Finding #ioaly
First, considerc3, < 1. In this case, it is easy to verify conditions on the cross over channel gains, under which
from (11)-(13), (15) that any data that is sent from user 20 single component achievable region dominates the SHC
to receiver 1 can also be decoded at receivérStmilarly, achievable region is still an open problem and should be
whenc3, > 1+ Py, the capacity of theZ—channel is given investigated in future work.
by (16)-(19). In this case, receiver 1 uses an onion peelifymerical results - Asymmetric SHChe plot of the achiev-
decoding and any data sent from user 2 to receiver 2 can aide region for an asymmetric SHC is given in Figures 3a
be decoded at receiver 1. Thus, in both cases, decoding usénd b for the uplink and downlink, respectively. The trartsmi
at a unique location is sufficient to achieve all points in theowers areP; = P, = 6 and the matrix of channel gains

achievable region. _ _ _ 0 equalsc = L 01 gich cross over gains occur fre-
In contrast to the uplinkZ-SHC, in the downlinkZ-SHC, 0.9 1

both the base stations need to transmit information to onegﬁfently In pracglcal cellu_lar systzma Wher? one useris me\lla
the users to obtain the entire achievable redforor the other etweerk; two ase stat(ljo?s ?n t r? other l:js%r IS very cosl,e
user, since one of the cross over channel gain equals O, (}gtéme ase station and far from the secon ase station. In
is only sent from one base station. Figure 3a, the capacity region of the two constituent MAC
Numerical results Z-SHC: The plot of the achievable regionreglons are given by pentagons [0 G A B J 0] and [0 H

for a Z-channel under soft handover is given in Figures D K 0]'_ It can be seen that th_e achievab_le region of the
C is strictly larger than the achievable region of any &f th

9Recall that receiver 2 uses an onion peeling decoder. constituent MAC and IC’s. Thus, it is not sufficient to pick
10The proof is similar to Proposition 13. a unique location to decode for each user to operate on the
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Fig. 4. The achievable region and outer bound on capacity ®@aassian Z-channel under soft handover in (a) uplink andi@@nlink. Transmit powers
P, = P, = 6 and the channel matrix is as indicated on top of each figure.

boundary of the achievable region. As in the symmetric casggch transmitter-receive pair would be determined usieg th
the outer bound on SHC capacity is loose. The achievaleoposed optimization. Purely, SNR or SINR based decision
region for the corresponding downlink is given in Figure 8anon which base station to decode data or transmit data from
exhibits a similar trend. The SHC achievable region is largeould be suboptimal.

than the achievable region of all its constituent chanridisis,
transmitting to each user from a fixed location does not aehie
the boundary of the achievable region. The implication &f th
result is that once the network operator selects a desiréticme
to optimize performance, the rate of transmission between
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E. Sum-rate in SHC V. CONCLUSIONS

For a MAC, the sum rate is always attained b In this paper, we introduced the model for a Gaussian
EDMA/TDMA régionll and the achievable sum rate usinéOft handover channel and computed bounds on its capacity.
he main implications of the results are: i) It is not always

SUD s strictly lesser than the sum-rate using FDRAFor sufficient to communicate with one transceiver to achiewe th
an interference channel, however, the maximum sum rate 1

not aways attined by ether of FMA or SUD. For very lonf Ci e & TS e e TR STE 1 S L SGct T
values of interference, the sum rate using SUD is greater th 9

FDMA and for higher interference levels, the reverse is.trud ations are different in the uplink and downlink scenariie

It turns out that for the SHC, not surprisingly, the sum ratreeSUItS in this paper could be extended in several diregtion

behavior using FDMA and SUD is similar to the interferencs.'g'ConSidering arbitrary number of users and receivers, con-

. . . sidering fading channels and studying the impact of mutipl
channel. For a symmetri; comparing (26) with (29),(30) we antennas at both the transmitters and receivers. Tighter ou

can easily find conditions when SUD is better than FDMA. . . .

The maximum rate achieved using SUD is greater than t 8gnds should a!so be investigated in future WOI’k.f'OI’ both

FDMA rate under the following scenarios: uplink and dow_nlmk soft handover channels. Condmong on
the channel gains and powers when one of the constituent

channels does not dominate the SHC achievable region should

1-2¢2 e 2 ) )
P>=5 ifc<l (42) be derived in future work.
P><=2  if2>1

Similar conditions can be obtained for an asymmetric chkannell]
The region where sum-rate of SUD is greater than FDMA is
referred to asveakinterference and the region where sum-ratd?]
using FDMA is greater than SUD is referred to m®derate
interference [10]. [3]

The plot of the sum-rate is given in Figures 5a and b for the
symmetric and asymmetric uplink SHC. The behavior of sumr,
rate of SHC is similar to sum-rate behavior in an IC [10]. As
expected, for smalkt, SUD has higher sum rate than FDMA 5]
and for largec, the trend is reversed.

6
11Recognize that the FDMA region touches the MAC capacity argi R
which is a pentagon, at one point along gignificantedge of the pentagon.
12Except in the trivial case where MAC capacity pentagon redum a
rectangle.

(7]
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