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Abstract

Coordinated Multi-Point (CoMP) transmission / reception is being studied in Long Term
Evolution-Advanced (LTE-A) for future evolution of the 3" Generation Partnership Project
(3GPP) LTE. Support of soft handover is essential for improving the performance of cell edge
users. CoMP provides a natural framework for enabling soft handover in the LTE system. This
paper evaluates the soft handover gain in LTE-A downlink. Mathematical analysis of signal to
interference plus noise ratio (SINR) gain and the handover margins for soft handover and hard
handover are derived. CoMP system model is developed and an inter-cell and intra-cell
interference model is derived, taking into account the pathloss, shadowing, cell loading, and
traffic activity. Reference signal received power (RSRP) is used to define the triggers and the
measurements for soft handover. Our results indicate that parameter choices such as handover
margin and the CoMP set size impact CoMP performance gain.
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1. Introduction

BGPP LTE [1] is based on Orthogonal Frequency Division Multiple Access (OFDMA)

technology. One of the main goals of LTE is to provide seamless access to voice and
multimedia services with strict latency requirements which is achieved by the current
technology while achieving high spectral efficiency and high peak data rate.

Hard handover is supported for the LTE systems using L3-filter, hysteresis, and
time-to-trigger mechanisms [2]. CoMP transmission / reception is being studied in LTE-A [1]
for further evolution of 3GPP LTE. It is foreseen that the evolution of backhaul technology can
accommodate increased backhaul requirements of CoMP in LTE-A deployment timeframe.
With CoMP, a user equipment (UE) at the cell edge is served by multiple sites, either by
coherent or non-coherently combining the signals dynamically at the receiver. High spectral
efficiency can be obtained for cell edge users. Another benefit of CoMP is the macro-diversity
gain by soft handover due to the availability of the measurements from multiple base stations
(BSs) along with channel state information (CSI). It is well-known that soft handover is a key
technique to extend the cell coverage and to increase the cell edge user data rate in cellular
communication systems [3][4]. Viterbi et al. [3] derived the effect of soft handover technique
on cell coverage and reverse link capacity in the Code Division Multiple Access (CDMA)
system. With soft handover, a UE in downlink receives signals from multiple BSs. The
macro-diversity gain obtained by combining the signals received from multiple BSs
compensate for some effect of fast channel fading and improve the communication quality [5].
K. Rege presented an analysis of handover margin for systems allowing soft handover in
CDMA system [6]. In [7], hybrid handover method, termed site selection diversity
transmission (SSDT) was introduced and the handover gain for OFDM-based broadband
system was evaluated. Mihailescu et al. analyzed the behavior of the downlink soft handover
and derived the macro-diversity gain in terms of SIR for W-CDMA system [8]. We extend this
study to LTE-A downlink.

We analyzed the macro-diversity gain achievable by combining the signals at the UE in the
LTE-A system. Our analysis is based on a simple linear topology with two evolved NodeBs
(eNBs) in the CoMP set. A semi-static scheduler is assumed for downlink scheduling. The rest
of this paper is organized as follows: In Section 2, we introduce the concept of CoMP set and
the propagation model. In Section 3, a model for downlink interference is described. An
analysis of handover margin based on the interference model is described in Section 4.
Numerical results are presented in Section 5. System-level simulation results for multi-cell
downlink environment are presented in Section 6. Finally, conclusions are given in Section 7.

2. CoMP Models and Assumptions

CoMP is one of the key techniques for LTE-A to improve the coverage and the cell edge user
throughput. It is considered as an effective approach for inter-cell interference coordination in
LTE-A. In the downlink, COMP techniques are categorized into two methods: Coordinated
Scheduling/Beamforming (CS/CB) and Joint Processing (JP) [1][9]. CB is considered as a
simple solution to avoid beam collision with limited coordination among neighboring sites and
either distributed or centralized scheduler can be used. JP is then subdivided into joint
transmission and dynamic cell selection. Inter-site joint transmission is a type of joint
processing scheme where user data is shared among the neighboring sites and is jointly
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processed by multiple sites. Full channel knowledge or precoding matrix is shared among the
neighboring sites. And depending on the number of users scheduled in the same
time/frequency resource, inter-site Single User Multiple-Input-Multiple-Output (SU-MIMO)
or inter-site Multiple User Multiple-Input-Multiple-Output (MU-MIMOQO) schemes are
possible. In this paper, we focus on the inter-site joint transmission. This section presents the
models and assumptions used to evaluate the macro-diversity gain.

2.1 CoMP Set

A regular hexagonal 19 cell layout with the reference eNBy and 18 neighboring eNBs is
assumed in Fig. 1. CoMP cooperating set is the set of (geographically separated) points
directly or indirectly participating in data transmission to the UE. The CoMP cooperating set
may be determined as network-decided CoMP cooperating set or UE-specific CoMP
cooperating set [10]. For the simplicity of derivation, we consider two eNBs (eNB, and eNB;)
as CoMP transmission points in the cooperating set. CoMP measurement set is the set of cells
for which channel state information (CSI) on the link to the UE is reported. COMP set is
applicable to cell edge UEs and a handover decision on the cell edge of cells is based on the
downlink received signal power.

CoMP cooperating set
CoMP measurement set

Fig. 1. CoMP system model

2.2 System Scenario

The propagation loss is generally modeled as the product of the m-th power of distance and a
log-normal component representing shadowing loss. This shadowing effect is modeled as a
log-normal distribution. In this paper, we only take into account the long-term propagation
loss, i.e., pathloss and shadowing. Let us consider a UE located at a distance r surrounded by
18 cells in the CoMP measurement set. Then we can express the pathloss between the i-th UE
(i =0...N) and an adjacent j-th eNB (j = 0...C) as

;110

L@, j)=r"10™ 1)



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 5, NO. 9, September 2011 1599

where m is the pathloss exponent, r;is the distance between the i-th UE and j-th eNB, and & is
the attenuation in dB due to shadow fading which is modeled as a zero-mean Gaussian random
variable with standard deviation osy. Empirical data show that m = 4 and o5, = 8. Considering
the dependence of the shadow fading of different eNBs, ¢ is expressed as the weighted sum of
a component & which is in the near field of the user that is common to all eNBs and a
component &; which is independent from one eNB to another.

Thus, the random component of the received signal at eNB can be expressed as ;= a¢ +
b&ij where a’ + b? = 1 [4]. In our analysis, the propagation model accommodates shadow
correlation between the two eNBs, jand I (j, | = 0,1,2,...C). The correlation coefficient is given

by
E(S;é)

|
2

=a2=1—b2(j¢|) (2)

Osn

Assuming identical standard deviations for propagation, a? = b? = 0.5 and the normalized
covariance is 0.5 for all pairs of eNBs. Both components are assumed to be Gaussian
distributed random variables with zero-mean and standard deviation osy [3]. We consider two
CoMP transmission points in the cooperating set where a UE; on a straight line joining
reference eNB, and neighboring eNB; as shown in Fig. 2.

(rijs &ij)

- — - - — -

Fig. 2. System Model

3. Downlink Interference Analysis

To evaluate the SINR, interference modeling is required. The total interference (lio)
experienced by the UE is composed of two parts: intra-cell (li) and inter-cell interference
(linter)- The generalized expression for the SINR of a UE; which is connected to eNB; can be
expressed as
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SINRi“Sjer = 2
’ +1 +N

intra ; inter; ; 0

-1
IintraI i IinterI i N0

= L — 4 —
c, C, C,

where Nq is thermal noise per user including UE noise figure, Cj; is the received signal power
from eNB;. Taking expectations from (3) and by Jensen’s inequality for convex function, we
obtain

®)
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3.1 Intra-cell Interference

The intra-cell interference to a certain UE comes from its serving eNB and caused by
inter-carrier interference (ICI). Inter-carrier interference is generated due to frequency
mismatch between the UEs. The ICI; in Fig. 3(a) is the inter-carrier interference which can be
generated at resource blocks for user i and only carriers at the border may impact neighboring
UEs.

Assuming a simple semi-static scheduling strategy to serve the user with equal data rates
and same Modulation and Coding Scheme (MCS) selection for each user, the number of
frequency resources allocated to each user is identical. The total transmitted power in the
downlink at serving eNB; is

Po, = Pi,O 5)

where, B |

is the transmitted power to the i-th UE from the serving eNBy. The total
transmitted power is equally divided among all the UEs in the cell. The intra-cell interference

lintra 0 tO the i-th UE can be simply expressed as Pt%x L(i,0). Here, L(i,0) is the pathloss

between UE; and eNB,. We extend the analysis to see the effects of N, J, and e on SINR.
Here, N, is the total number of users in the cell, o is the traffic channel activity factor, and ¢ is
the intra-cell interference coefficient, which is a fraction of intra-cell interference to total
transmit power.

Fig. 3(a) illustrates the semi-static scheduler principle and the inter-carrier interference for
UE; assuming a semi-static scheduler. With this assumption, the loading denoted as pq is the
fraction of used physical resource blocks (PRBs) [11] occupied by each UE in eNBgyand is
written as

PRB
N

P ©

tot

The amount of intra-cell interference is derived as
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| —5—P°L'0 7
inra,, = & N (i,0) (7

The traffic activity factor can be controlled by eNB by suitable control mechanisms depending
on buffer occupancy and the user throughput. Consequently, from (3) and (7), we obtain the
intra-cell interference to signal portion of the SINR equation

lowa &00,P, L(1,0)/ N,
t,,(,: 0P, L1, 0) " _ s ®)
C P, L(i,0)/N,,

i,0

Fig. 3(b) shows an example of user resource allocation in eNBs associated with Fig. 3(c). We
assume that UE; (i=0,1,2,3,4,5) are located in neighboring eNB; (j = 0,1,2). Assuming that each
eNB transmits data at the assigned resource blocks simultaneously, the intra-cell interference
to UE, is due to the resource blocks of UE; and UE, that are adjacent to UE,. Fig. 3(c) shows
the multi-point transmission where we assume that two eNBs are selected for CoMP joint
transmission. As indicated by the blue arrows in the figure, the intra-cell interference from
UE; and UE, scheduled in the neighbor PRBs is negligible. The intra-interference is
dominated by the portion of the resource blocks allocated to UE,.

Note that (8) is a function of ¢ and ¢ only and is independent of UE location and the number
of UEs. This means that we only need to consider UE; (for example, UE, in Fig. 3(c)) in eNB,
for intra-cell interference analysis.

3.2 Inter-cell Interference

To a UE linked to eNB;, the inter-cell interference is the power received by UE from all other
eNBs around it except its serving eNB,. Inter-cell interference, with eNB, being the serving
cell for UE; is obtained as

< p'Po. .-
Iinteri‘J :52;\'_“1'_(', J) (9)
=1

tot

We assume that the number of users and the cell loading is equal in all eNBs and the eNB
transmitted power is identical. Then we obtain the inter-cell interference to signal portion of
the SINR equation

| 5Zp1 tot; L(I’ J)/ Ntot

|nter”

C

IDOPIOI L(I’ O)/ Ntot

ZL(I N

— 5 (IO) 10(4t ’5 )/10
ao %

i,0

(10)

Fig. 3(b) shows an example of user resource allocation in eNBs. The inter-cell interference
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to UE, is due to interference from neighbor cell UEs scheduled in the same PRBs as UE,. For
this reason, the interference is characterized by narrow band interference unlike CDMA/
W-CDMA systems. Fig. 3(c) illustrates the multi-point transmission where two eNBs are
selected for CoOMP joint transmission. The red arrows show that the signals from eNB; to UE;
and fromeNB, to UE,do not cause intra-cell interference to UE,. The case that only causes
inter-cell interference is indicated by the green arrow where the eNB, transmits signals to UEs
scheduled in the same PRBs as UE,.

f
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User 1 UE44,h
User 2 UE;—» ]

H UE]_ — L
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Fig. 3. Assumption for interference analysis (a) Resource allocation by semi-static scheduler (b)
Example of user allocation in eNBs and (c) Multi-point reception and inter-cell interference model

4. Analysis of Hard and Soft Handovers

In this section, we analyze the soft handover gain by evaluating the handover (HO) gain. The
two key design parameters are CoMP set size and the handover margin. The handover gain
also depends on the UE receiver processing. Maximal Ratio Combining (MRC) is assumed in
this paper.

4.1 Hard Handover Analysis
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For hard handover, RSRP of a single cell is tracked at any one time instance. To avoid the
“ping-pong” effect, handover is allowed when the second cell’s RSRP is sufficiently higher
than that of the first. This margin is called “handover margin.”

The probability Py that UE; is only served by eNBy is [12]

P, = Prob| RSRP, > RSRP, + M, |
0 2 2 _2
1 exp( x/4bo-)OIX

V27Z' 10mlog(r. /r1)+MSH \/EbU

0"

b
~ (10m|og(riv0/ri’l)+ MSH\

_QL \/Eba
( Mi,o B Mi,l + MSH\

) QL \/Eba

where Mgy is the soft handover margin, M, is defined as 10mlogr, ; , and the Q-function can
be expressed as [13]

(11)

Q(x) = %J‘j exp” %dz (12)
T

In order to calculate E[SINR'S™ ], we first compute the expectation value of (8) as

E{ IC‘ } =8 (13)

Then we calculate the expectation value of (10). From (10), the mathematical expectation can
be expressed as the integral of the probability density function of the log-normal Gaussian
random variable. Thus (10) can be expressed as a Q-function

inter.
i

C r ~
=5y (X)"E[10" """, RSRP, > RSRP + M_,]

E
i0 =1
c r ( 10mlog(r /r )+ M_ )
252( |0 m (ﬂcr) /2 Lﬂo-'i‘ g( i,0 |,]) SHJ (14)
-1 o
( -M +M \

e(/)’:r) /22( IO) QLIBO'.F Mi,O ;J SHJ

=1 T

where & - &0 = b(&j - &) is a zero-mean Gaussian random variable and # = In(10)/10. As is
shown in Fig. 2, the parameter r;, is the distance of UE; from the serving eNB,. Let us assume
that the UE location follows a simple linear topology between eNB, and eNB;. In the
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following analysis, the distance r;, is normalized relative to the distance D between eNB, and
eNB;. Due to symmetry, the range between 0.1 and 0.5 will be considered in the numerical
analysis of SINR.

Using (13) and (14), E[SINR] for UE; served only by eNBy can be calculated from (4).

Similarly, the probability P, that UE; is only served by eNB; and the corresponding SINR
E[SINR'*] can be derived from the same formula.

4.2 Soft Handover Analysis

With 2-way soft handover, desired signal from the two active eNBs in CoOMP set are combined
together whereas the signals from the rest of the eNBs are considered as interferences. MRC is
assumed in this paper. We can derive the probability Py, that the UE; is connected to two eNBs
simultaneously in the CoMP cooperating set as [12]

P, = Prob(RSRP, —M_, <RSRP, <RSRP, +M,)
ZQ(Mi,o_Mi,l_MSH)_Q(Mi,o_Mm"‘MSH) (15)
\/Eba «/Eba

From (10), we obtain

inter,
1]

C

E

Fio\m (§,-6)/10,
| 5([_) E[10 ;RSRP — M_, <RSRP, <RSRP + M_]
i,0 il (16)
C r
i,0 \m (& =60)/10,
+5Z;‘(r_) E[10 ;RSRP > RSRP, + M, ]

i= i,j

Again, (16) can be rewritten as

E|: Iinterw :|:5e(ﬂg)2/2Q(ﬁG+ Mi,o _Mi,l _MSH j—5e(ﬂ0)2/2Q(ﬁG+ Mi,o _Mi,l + MSH j
C

i0 O O

2 M -M +M
+§e(ﬂo') /ZZ(I_,O)mQ(ﬂO__i_ i,0 ij SH j (17)
j=2 o

i\

With macro-diversity combining, the eNB, and eNB; are the actual serving cells to UE; in soft
handover, while the remaining neighboring eNBs are considered interfering cells. Using (13)
and (17), the E*[SINRi‘fger] for UE; located when it is served by eNB, can be calculated from (4).

Similarly, the E*[SINRi“fer] for UE, when it is served by eNB; can be derived from same

formula.
Let E'[SINR: ] denote the SNR with MRC in soft handover between eNB, and eNB,. It is

given by

E'[SINR" ] = E"[SINR"" ]+ E"[SINR"" (18)

i,01 ,0
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From (4), the SINR with MRC is obtained as

E'[SINR’ 1= E[SINR’;" 1+ E'[SINR"]

i,01 0

E[ Iintra ] E[ Iinter ] [ NO ] h E[ Iimra ] E[ Iinter ] [ NO ] N
=| E[—=]1+ E[—]+[—] | + =]+ 1+ [—
Ci,o Ci,o Ci,o G G Ci,l

il il

M
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&6 +5e¥Q [ o+

-1
i,0 _Mi,l_MSH j_ge(ﬂa)zle(ﬂo__‘r Mi‘o _Mi,1+MSH J

AN o M. —-M +M N
+§e(/3<r) /Zz(l_,O)mQ[ﬂ()_+ i0 i,j SH ]+[C_O]
o B

i2 I 0

M., -M

i1 i0 MSH j_é‘e(ﬂa)zle (ﬂ0'+

O o

-1
85+5e(ﬁ0)2/2Q£ﬁ0'+ Mi,l B Mi,o + MSH J

roe 3 (g [ﬂa # M= Mio * Moy j+[§—°]
=2 i o i
(19)

Thus, the average SINR with macro-diversity is obtained as

E[SINR . 1= RE[SINR ]+ P,E[SINR 1+ PE[SINR""] (20)

i total i,01 il

5. Numerical Analysis

A numerical analysis was carried out using the SINR expressions derived in the previous
sections. The effect of system parameters on the SINR performance is evaluated for the
scenario described in section 2.2. In this analysis, the parameters are defined in Table 1.

Table 1. Parameters in numerical results

Parameter Definition
lio Distance between serving eNBjyand UE,
D Inter-site distance (ISD) between serving eNBg and neghbor eNB;
rio/D Normalized distance between the UE and eNB,
) Traffic channel activity factor
m Pathloss exponent
OsH Standard deviation of shadow fading (in dB)
e Intra-cell interference coefficient
Mgy Soft handover margin

The performance of soft handover is compared with hard handover in terms of SINR gain
under different simulation conditions, by varying the parameters Msy , m, ¢, and osy,. The
macro-diversity combining is obtained by setting the soft handover margin Mgy to a non-zero
value, while Mgy = 0 means hard handover. The SINR performance can be improved
significantly by properly setting the soft handover margin as can be observed in the following
numerical results. In Fig. 4, the SINR versus distance r;o /D for different values of Mgy is
shown. We considered ¢ = 0.5 and m = 3. The X-axis defines the normalized distance in the
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range from 0.1 to 0.9, where 0.5 means the cell border. When Mgy is changed from 0 to 2 dB,
and from 2 dB to 4 dB, the SINR at the cell border is increased by 1.8 dB and 1.2 dB,
respectively.

15

SINR (dB)

L
1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

lio /D
Fig. 4. SINR depending on distance ri, /D (m =3, g5y = 8 dB, and ¢ =0.05)
16
—— Msu= 0dB
8 BN ® Msi= 2dB ) iy
; —— Msu= 4 dB
17 Msh = 6 dB i
—— Msu= 8dB
. * Msu= 10 dB R
g 10- ‘ : 4
o N
pd \ o)
n & S 1
6 J
4, -
0.1 02 03 04 05 06 07 08 0.9
lio /D

Fig. 5. SINR depending on distance rio /D (m =4, o5 =8 dB, and ¢ =0.05)

Fig. 5 shows the SINR when m is increased from 3 to 4. Compared with Fig. 4, the result
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shows that the gain in SINR is about 2 dB. This is due to inter-cell interference reduction due
to increased path loss for signals coming from the neighboring cells.

In Fig. 6, we show the SINR as the intra-cell interference factor ¢ is varied. As we observed
in the previous section, the parameter ¢ directly affects the intra-cell interference and HO
performance. The figure shows that the SINR improves as ¢ becomes smaller, due to decreased
intra-cell interference. The effect of intra-cell interference on SINR is larger for large values of
Mgy relative to the inter-cell interference, resulting in larger difference in SINR values. It is
also observed that the SINR becomes saturated when Mgy = 6 dB. The reason is that for larger
values of SHO margin, most UEs will have single transmission points and will not benefit
from macro diversity.

SINR (dB)

M M M m
mnonnu
o
H
(¢

Msn (dB)
Fig. 6. SINR versus Mgy for different values of ¢ (distance rio /D = 0.5)

We can emphasize the importance of the propagation parameters for the soft handover
performance. We evaluate the SINR with respect to the choice of parameters m and osy. Fig. 7
shows the effect of pathloss exponent m on the SINR with the soft handover margin of 0 to 10.
The SINR increases as the Mgy is increased from 0 to 4 dB. The SINR improves significantly
when m increases due to inter-cell interference reduction. This behavior was also observed in
Fig. 4 and Fig. 5.

In Fig. 8, the SINR versus Mgy is shown for different values o5y, The dynamic range of the
SINR changes by 0.5 dB to 2 dB when Mgy increases from 0 to 10 dB respectively. It is
interesting to note that the SINR with higher Mgy is increased considerably as the osy is
increased since the large differences of two received signal power leads the higher combining
gain.

As we observed in the analysis above, the SINR has the largest gain when Mgy is changed
from 0 to 2 dB, where Mgy = 0 means hard handover. The result shows that soft handover with
macro-diversity provides significant gain on the downlink SINR compared with hard
handover. The SINR gain with soft handover is also achieved when Mgy, is changed from 2 dB
to 4 dB and from 4 dB to 6 dB. Although the SINR improves as Mgy increases, it will cause the
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capacity issue in the network. Thus, we further evaluated the system-level performance in

multi-cell, multi-user environment in Section 6.
The results studied could be applied to system design and deployment, where SINR gain can

be achieved by optimizing Msy, depending on propagation condition.

SINR (dB)

pof et

I
01 -

0 1 2 3 4 5 6 7 8 9 10
Msn (dB)
Fig. 7. SINR versus Mgy for different values of pathloss exponent m (distance rio /D = 0.5)

A

SINR (dB)

1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Mst (dB)

Fig. 8. SINR versus Mgy for different values of oy (distance rio /D = 0.5)

6. System-Level Simulation Results



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 5, NO. 9, September 2011

In order to determine the handover margin Mg, for COMP set selection and the optimum

1609

number of cells in the COMP set, system-level simulation is set up with 57 cells. The macro

cell deployment is considered with 32 UEs dropped randomly. The details of simulation

parameters are summarized in Table 2.

Table 2. Simulation parameters

Parameters Definition
Cellular Layout Hexagonal grid, 19 sites, 3 sectors per site
User 33 UEs per sector
ISD 500 m

Distance-dependent path loss

128.1+37.6l0g:0(R), R in km

standard deviation

Lognormal  Shadowing with shadowing

8dB (6, 7,9 and 10 dB)

Shadowing correlation between cells 0.5
Shadowing correlation between sectors 1.0
Penetration Loss 20 dB
eNB Tx Power 46 dBm
UE Tx Power 23 dBm
eNB antenna gain 14 dBi
UE antenna gain 0 dBi
Antenna height at the eNB 32m
Antenna height at the UE 1.5m
UE speed 3 km/h

We considered 2 cases in this study. In the first set of analysis, the percentage of CoMP UEs
depending on Mgy was analyzed. Different values of Mgy from 0 to 10 dB are simulated for osy
=6,7, 8,9, and 10 dB respectively. In Fig. 9, the percentage of UEs in the CoMP set as a
function of Mgy is plotted. The plot shows that the probability of CoMP UEs (which are in the
soft handover area) increase as Msy increases. The results for different values of o5y show
similar trends with a small variance. For Mgy values of 2 dB to 4 dB, the percentage of CoMP
UEs in a cell increases from 15% to 35% respectively. Larger values of Mgy can improve the
SINR of CoMP UEs at the cell edge due to higher diversity gain. However, as Mgy increases,
cell throughput decreases. Increased resource consumption for the CoMP UEs outweighs the
macro-diversity gain. The optimum value of Mgy needs to be determined taking into account
the trade-off between the edge user data rate and the overall cell throughput.

In the second set of analysis, the probability of the number of cells within a margin
depending on Mgy and the probability of N-way Soft handover are analyzed. For planning of a
large LTE-A network, it is necessary to determine the size of CoMP set such that an upper
bound for the network capacity is maintained. Here, interest is how to determine the CoMP set
size and how the choice of Msy influences the result. The CDF of number of cells with signal
strengths within Mgy is listed in Table 3. In this table, probabilities are 98% and 91% in case
of Mgy =2 dB and 4 dB, respectively. Thus as we observed in Fig. 9, a reasonable size of
CoMP cooperation set is 3 in case of Mgy =2 dB and 4 dB. In Table 4, more detail analysis is
performed. This results show the probabilities of N-way soft handover. When Mgy = 2 dB and
4 dB, the probabilities of N-way soft handover are 99.2% and 98.2%, respectively. This result
also shows that the percentage of N-way soft handover with N > 3 is less than 2%.
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Percentage of CoMP UE
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0 1 2 3 4 5 7 8 9 10
Msh (dB)

Fig. 9. Percentage of CoMP UE versus Mgy for different values of oy

In this simulation, we evaluated the gain of soft handover over hard handover by system-level
simulation. Although any value of soft handover margin of 2 dB, 4 dB, or 6 dB is a good
choice for SINR performance, the simulation results show that 6 dB threshold consumes too
much network resource unless otherwise required for specific region. Overall, Msy =2 dB, 3
dB, or 4 dB shows improved soft handover performance in system-level simulation result and,
which is consistent with the numerical result described in Section 5.

Table 3. Probability of number of cells depending on Mgy

Number of cells The Probability of having <N cells in the CoMP Set [%]
within MSH MSH:O MSH:2 MSH:4 MSH: 6 MSH=8 MSH= 10
1 0 72.1 53.2 38.0 28.6 23.8
2 0 93.8 80.1 63.9 52.3 44.3
3 0 98.5 91.0 79.4 66.6 58.2
4 0 99.6 96.4 88.6 76.6 66.9
more than 5 0 100 100 100 100 100
Table 4. Probability of N-way soft handover
Number of cells The probabilities of N-way soft handover [%
connected to UE Msy=0 Mgy=2 Msy=4 Msy=6 | Msy=8 | Mgy=10
1 100 81.5 75.2 60.2 49 42
2 - 15.6 18.2 23.4 27.8 25.3
3 - 2.1 4.8 10.2 125 14.1
4 - 0.7 13 3.9 4.2 5.2
5 - 0 0.2 13 3.2 4.8
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6 - 0.1 0.3 0.4 15 3.7
7 - - - 0.4 0.9 1.9
8 - - - 0.1 0.6 14
9 - - - 0 0 0.8
10 - - - 0.1 0.3 0.8

7. Conclusion

We have presented a mathematical analysis of macro-diversity gain that can be achieved in the
LTE-A system. We have derived intra-cell and inter-cell interference models for LTE-A. A
mathematical analysis of SINR gain with soft handover is carried out based on the MRC
reception. The results show that propagation parameters significantly affect the choice of the
handover margin and the SINR performance. We also presented system-level simulation
results for selection of handover margin and the CoMP set size. The results in this paper can be
used as a guideline in designing and optimizing the radio network based on LTE-A technology
to improve the cell edge user performance. An analysis of handover gain for other deployment
scenarios including heterogeneous networks will be the subject of future research.
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