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Traffic Asymmetry Balancing in OFDMA-TDD Cellular
Networks

Ellina Foutekova, Sinan Sinanovi¢ and Harald Haas

Abstract: This paper proposes a novel approach to interference
avoidance via inter-cell relaying in cellular OFDMA-TDD (orthog-
onal frequency division multiple access - time division duplex) sys-
tems. The proposed scheme, termed asymmetry balancing, is tar-
geted towards next-generation cellular wireless systems which are
envisaged to have ad hoc and multi-hop capabilities. Asymmetry
balancing resolves the detrimental base station (BS)-to-BS inter-
ference problem inherent to TDD networks by synchronizing the
TDD switching points (SPs) across cells. In order to maintain the
flexibility of TDD in serving the asymmetry demands of individual
cells, inter-cell relaying is employed. Mobile stations (MSs) in a cell
which has a shortage of uplink (UL) resources and spare downlink
(DL) resources use free DL resources to off-load UL traffic to co-
operating MSs in a neighboring cell using ad hoc communication.
In an analogous fashion DL traffic can be balanced. The purpose
of this paper is to introduce the asymmetry balancing concept by
considering a seven-cell cluster and a single overloaded cell in the
center. A mathematical model is developed to quantify the envis-
aged gains in using asymmetry balancing and is verified via Monte
Carlo simulations. It is demonstrated that asymmetry balancing
offers great flexibility in UL-DL resource allocation. In addition,
results show that a spectral efficiency improvement of more than
100% can be obtained with respect to a case where the TDD SPs
are adapted to the cell-specific demands.

Index Terms: Ad hoc, cellular, multi-hop, OFDMA, TDD.

I. INTRODUCTION

With varying throughput, delay and traffic asymmetry re-
quirements, the development of new solutions and concepts that
allow for a flexible and dynamic radio resource allocation for
the support of high peak-to-average transmission rates, and that
are able to be more spectrally efficient than conventional cel-
lular systems is a key challenge. An effective strategy which
is envisioned for next-generation wireless cellular networks to
ameliorate the spectral efficiency performance without increas-
ing hardware cost is to make use of existing infrastructure and
to introduce cooperation among the network entities. Naturally,
such cooperation leads to multi-hop cellular networks (MCN)
[1], i.e., cellular networks which have relaying capabilities. A
relay station (RS) is an intermediate node between an MS and
the servicing base station (BS) and the relay can be either a dedi-
cated transceiver or an mobile station (MS). For example, in [2],
Qiao, Wu, and Tonguz describe a load balancing method via
mobile dedicated transceivers, which can be replaced according
to user traffic demand, in order to divert traffic using the unli-
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censed frequency bands. However, MCNs where the relays are
MSs are of special interest due the wide availability of mobile
terminals, especially in highly populated areas, where network
capacity becomes a limiting factor. Capacity improvement has
been shown in [3] and [4], where in-cell users act as relays to
form virtual antenna arrays and thereby exploit transmit diver-
Sity.

The ad hoc capabilities in an MCN are actually enabled by
TDD. In addition, the support for cell-independent traffic asym-
metry offered by time division duplex (TDD) together with the
advantages of orthogonal frequency division multiple access
(OFDMA) [5], make OFDMA-TDD a promising choice for next
generation wireless networks [6]. However, TDD suffers from
additional interference as compared to frequency division du-
plex (FDD). In particular, TDD suffers from same-entity inter-
ference, MS—MS and BS—BS, which presents a major prob-
lem in actual cellular TDD deployment when cell-independent
asymmetry is to be supported. Known solutions to interference
avoidance in TDD include the concept of zone/region division
[7], which restricts crossed slot operation only within a radius
r around the BS. Optimum performance has been found for
r=52% of the cell radius [7]. This strategy reduces MS—MS
interference, but does not solve the more detrimental BS—BS
interference problem. Moreover, it also imposes restrictions on
the flexibility of TDD by compromising user demand. Further-
more, a strategy for same-entity interference mitigation, similar
to frequency hopping, termed time-slot opposing, has been pro-
posed in [8]. The time multiplexed busy tone approach m [9]
also mitigates the problem of same-entity interference.

In this paper a novel idea termed asymmetry balancing is pro-
posed to entirely avoid the detrimental BS—BS interference.
The essence of the asymmetry balancing conceptis, as the name
suggests, to balance the asymmetry demand across the cells in
a network. To this end, the TDD switching point (SP) 1s syn-
chronized across cells, which might result in a shortage of re-
sources in a particular cell, while a neighboring cell might have
spare resources (assuming cell-independent traffic asymmetry
demands). In order to resolve any mismatch between resource
availability and resource demand, the ad hoc capabilities of an
MCN are exploited. In particular, an MS which cannot be served
in either uplink (UL) or downlink (DL) by its associated BS due
to shortage of resources is served by a neighboring cooperating
BS, which has spare resources in both link directions. The es-
tablished MS«BS link is a two-hop link where the intermediate
node is an MS associated with the cooperating BS. In this way,
despite the fact that the network maintains a synchronized SP,
cell-specific asymmetries are effectively supported.

It is assumed that cells are differently loaded, which is a
reasonable assumption for future wireless networks which will
mainly support packet-data traffic characterized by a high peak-
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Fig. 1. The MSs in the center cell, i.e., the Col, can off-load UL traffic to
neighboring cooperating cells (marked by dashed hexagons) using
free DL resources (marked by white boxes). As an example, the MS
at the Col which needs UL service (marked by a solid ellipse) can
form an ad hoc link with any of the available MSs (marked by dashed
ellipses) at the cooperating cells. Active DL links are shown as solid
arrows, while possible concurrent ad hoc links are shown as dashed
arrows.

to-average load ratio. In addition, because traffic is envisaged
to be DL-favored the network-wide SP will be primarily DL-
favored (or occasionally symmetric), it is expected that a cell
which requires UL-favored SP will not be able to support the
UL demand. Therefore, this study focuses on UL asymmetry
balancing.

The rest of the paper is organized as follows. Section II in-
troduces the novel asymmetry balancing idea and the simulation
model 18 presented in Section III, while the results are given in
Section IV. The paper concludes with Section V.

II. ASYMMETRY BALANCING VIA INTER-CELL
RELAYING

As the asymmetry balancing concept relies on cooperation, it
1s important to identify the cooperating entities and when they
can cooperate. If hexagonal cells are considered, each cell can
be treated as a cell of interest (Col), surrounded by six neigh-
boring cells, which are the potential cooperating cells. Fig. 1
illustrates the aforementioned geometry during a DL time slot.
Assume that there are only two frequency resources per cell per
link direction per frame, which are marked by boxes on Fig. 1. A
black box signifies an allocated resource, while a white box sig-
nifies a free resource. Let the Col suffer from shortage of UL re-
sources, while it has a DL resource available. Marked by a solid
ellipse 1s the MS at the Col, which needs UL service and de-
sires to off-load traffic. The first-tier cells which are marked with
dashed hexagons have spare UL and DL resources and hence are
the cooperating cells. Associated with the cooperating cells are
the MSs which can serve as RSs (identified by dashed ellipses).
The tagged MS at the Col can relay to any of the available RSs.

The MS—RS link uses a DL resource, which is free both at
the Col and the cooperating cell which serves the respective RS.
Such resources are referred to as common free resources (CFR).
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In addition, the off-loading MSs can form ad hoc links to either
idle MSs in neighboring cells, or active MSs which are already
receiving in DL from their BS. The latter case exploits the fact
that a DL transmission usually does not occupy all subchannels,
and this is accounted for by the use of frequency division mul-
tiple access (FDMA) in combination with OFDM. It should be
noted that in an OFDMA-TDD network the smallest resource
unit allocatable to a particular user is termed a chunkl, ie., a
number of subcarriers during one time slot.

Based on the above, the main steps of the UL asymmetry bal-
ancing technique for multiple cell scenario are summarized be-
low:

1. A Colis overloaded in UL and requires cooperation.

2. The set of first-tier cells surrounding the Col, which have
spare resources both in UL and DL, are the cooperating
cells.

3. There are DL CFRs between the Col and at least one of
the cooperating cells.

4. Utilize the CFRs to transfer UL load irom the Col to
the cooperating cells. Use ad hoc communication to form
MS—RS links between MSs associated with the Col and
RSs associated with any of the cooperating cells.

Similarly, if the Col suffers from DL overload, MSs at the
Col can be served indirectly by the cooperating cells via near-
by MSs (operating as RSs). |

From the above it can be concluded that the asymmetry bal-
ancing requires first, available resources and second, available
RSs. The next two sections will treat these factors in detail.
Even though the analysis is performed for the case of UL asym-
metry balancing, it 1s valid for DL asymmetry balancing as well,
by replacing UL with DL.

A. Resource Availability

When the center cell uses DL resources to off-load UL traf-
fic to cooperating neighboring cells, UL resources are in effect
created, which allow for cell-specific asymmetry demands to be
supported. In this way, with cooperation the UL resource capac-
ity of the Col increases. For example, if the network-wide SP
allocates half of the frame to UL and half to DL, and 20% of the
DL resources are CFRs, the UL resource capacity of the Col in-

creasges by 20%. Hence, an UL-to-DL traffic ratio of 3:2+2:2X2:2,

ie., 5,canbe served at the Col, even though the actual network-
wide SP is set as % This means that a “virtual” cell-specific SP
can be established depending on the network-wide SP and the
DL CFRs.

It 1s of interest to quantify the UL-to-DL ratios that a virtual
SP can support, for a given network-wide SP and a given number
of free resources at the Col and its neighboring cells. Let the
number of CFRs be N, where N takes on values n € [0,C],
and C' is the total number of resources per cell in DL. Since
the SPs are synchronized across the network, C' is the same for
all cells. The problem of finding the distribution of /N can be
readily addressed by the binomial distribution, considering that
having a CFR is a success, which occurs with probability p and
not having such is a failure, which occurs with probability 1 — p.

A success occurs when a given chunk is free at the center cell

1 The terms chunk and resource are used interchangeably throughout this text.
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and at the same time, at at least one of the neighboring cells.
A failure, on the other hand, occurs when a chunk is busy at
the center cell, or is free at the center cell and at the same time
1s busy at all of the neighboring cells. Thus, the distribution of
the number of common free chunks, fx, is a function of the
resource occupancy probabilities at the Col and at the first-tier
cells. Resource occupancy probability is the probability that a
chunk 1s occupied. The formulation of f is given in (1):

fN(n) :p(LCa Lt,la T aLt,Bw Bt)n

[1 o p(LC) Lt,la T 3Lt,Bt7 Bt)}o_n (C) (1)

n

where B 1s the number of cooperating cells; L; ; is the prob-
ability that a resource is occupied at a first-tier cell 7; L. is
the probability that a resource is occupied at the Col; and
p(Le¢, Lt 1, -+, Ly B,, By), which is the probability of having
a CFR, depending on the number of cooperating cells and the
resource occupancy, 1s given in (2):

By
p(Le, Leay-- - Lup, B) = (1= [ [ Lea) - (1= Le). (@)
1=1

The expected value of the binomial distribution in (1) yields
E[N] = C - p, hence the expected value of the number of CFRs

as a fraction of the total number of DL resources is % = p.

Let the network-wide SP split the frame into two sub-frames,

such that their time durations are in ratio of v : d, where "JELFE

of the time the frame is in UL and uier of the time the frame
1s in DL. Furthermore, let the total (UL+DL) number of chunks
available per cell be Cio. Then at the Col, the expected value
of the fraction of resources in the frame which can be used for
UL traffic including off-loading, R, is:

R 77 Chot + p45 Clot _u pd 3)
ul Ctot N U+ d u + d .
N — N —’
actual SP  virtual SP

This means that at the Col the virtual SP divides the frame in an
UL-to-DL ratio of (u + pd) : (d — pd). It can be observed that
when p — 0, i.e., when there are no available resources for off-
loading, then the resource allocation is according to the actual
network-wide SP. When p — 1, i.e., when all DL resources at
the Col can be used to off-load UL traffic, then B,;; — 1 and the
whole frame can be allocated to UL.

Fig. 2 shows a plot of R,; X 100% depending on the actual
SP, the number of cooperating BSs, and on the resource occu-
pancies at the Col and at the cooperating BSs. In order to study
the effect of the virtual SP a best-case and a worst-case sce-
nario are considered. The number of cooperating BSs is one for
the worst-case scenario and six for the best-case scenario. The
resource occupancies in the case when all six cells can cooper-
ate are kept the same (Ly; = Ly> = --- = Ly), while when
only one cell cooperates Ly; = Lyo = -+ = Ly5 = 1 and
Lye = L. The values for L are varied as shown in Fig. 2.
Overall, it can be observed that, as expected, when there are no
free resources (L. and/or L; are one), the virtual SP is the same
as the network-wide SP. Consequently, when there are free DL

resources, the virtual SP exploits the resource availability to al-
locate additional resources to UL. Furthermore, when all DL
resources at the Col are free, the whole frame can be allocated
to UL for low to moderate loads at the cooperating cells when
six cells cooperate. Even in the case when only one cell coop-
erates the same effect can be achieved if Ly = 0. As expected,
when overall the DL resource occupancy increases, the num-
ber of resources allocated to UL by the virtual SP at the Col
decreases. It is interesting to note that due to the six degrees
of freedom, when six cells cooperate, R, x 100% decreases
much slower with decrease in resource availability as compared
to the case when only one cell cooperates, where Ry x 100%
decreases linearly. Overall, it is seen that asymmetry balancing
offers flexibility in resource allocation and can adaptively allo-
cate resources based on availability and potentially can give all
the resources in a frame to one link direction.

B. Relay Station Availability

The previous section determined the expected number of re-
sources, which are available for off-loading and this section con-
centrates on the second enabler for asymmetry balancing, 1.e.,
availability of RSs. Given that there is a CFR, the CFR can be
utilized if RSs are available such that a two-hop path can be
found from the MS, which needs to off-load traffic to the coop-
erating BS. In other words, the MS—RS ad hoc links are “op-
portunistic” in that they exploit CFRs and available RSs, and
also are managed in a decentralized fashion. How to find a two-
hop path is a matter of routing, and determining an optimum
routing strategy is beyond the scope of the current study. It 1s as-
sumed here that future wireless networks will be equipped with
multi-hop and relaying functionality in which case no signifi-
cant additional signaling overhead is required for managing the
MS—RS links.

In this study a simple path loss based routing scheme is im-
plemented which is illustrated with the help of Fig. 3: BScqr
faces shortage of UL resources and MSo1, needs to relay to RS,
which is associated with the cooperating BS.. RS, 1s chosen as
an RS if two conditions, C; and Cs, are satisfied (not consider-
ing protection of on-going links):

Cy: L2 > L + A4 [dB]
Co: LP > LY + Ay[dB]

where Lglb is the path loss between BScor and MSor; L2*

is the path loss between MSor, and RS¢; Lgr 18 the path loss
between BS. and RS.; and A; and As are path loss margins,
which are addressed later in this text. The two conditions above
aim to ensure that the two-hop link MSo1, — RS, —BS, would
be able to achieve better link capacity than the potential sin-
gle hop MSoL—BScor link. MSe1, and RS, attain informa-
tion about L and L2, respectively, via the pilot signals that
BSs typically send. In addition, L can be calculated using
the busy burst signaling technique described in [9] and [10].
There a receiver transmits a time-multiplexed signal upon suc-
cessful transmission to reserve a resource. In this study it 1s
assumed that a time-multiplexed signal 1s transmitted by all re-
ceivers, which wish to reserve a particular resource. This busy
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Fig. 2. The number of cooperating BSs (c.BS) takes on values of 1
and 6: (a) The network-wide SP allocates 33% of the frame to UL
(base line), (b) The network-wide SP allocates 66% of the frame to
UL (base line), and (¢) The network-wide SP allocates 50% of the
frame to UL (base line). The virtual SP can allocate additional re-
sources to UL (up to 100% of the frame resources), based on the
actual network-wide SP, as well as on the resource occupancies at
the Col and its neighboring cells.

burst signal can be used by the receiver to “advertise” its avail-
ability to serve as an RS by means of piggy-back signaling. In
addition, essential information, such as LEI’, can be readily ob-
tained from the received busy burst signal at the MSoy, given
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Fig. 3. MSo, decides whether to off-load to RS. or not based on a
comparison of LT with L= and LI*® with L5r.

that the busy burst power emitted from the RS is constant. As
a consequence, MSo1, is equipped to evaluate the routing con-
ditions quoted above in a decentralized fashion and, hence, is
enabled to find a suitable RS.

Based on the above, given a CEFR 1s shared between the Col
and a number of first-tier cells, K, the probability, p,.., that
the CFR will be utilized, is the probability that at least one user
at the Col will be able to find at least one two-hop path, which
satisfies both C; and Cs. p,cfr can be expressed as given in (4);

Puctr = 1 — (1 — Pr{Cy N Ca})Ve & (4)

where U, is the number of users per cell; and Pr{C; N Cy} is
the probability that both C; and Cs, are satisfied at the same time
and can be determined using conditional probabilities as given
in (5):

Pr{Ci NCy} = Pr{C, | C2}Pr{Cs} (5)

where Pr{C; | Cz} and Pr{C,} are defined below:

Pr{C; | Ca} = Pr{LZ" < L — Ay | LY < LT — Az}
| (6)
Pr{Cs} = Pr{LY" < L¥" — Az}. (7)

The path losses are random variables and their distributions can
be derived by approximating the hexagonal cell structure by a
circular cell structure as shown in the Appendix. In particular,
both LE™ and L™ are BS-MS path loss distributions which are
identically distributed and their probability distribution function
(pdf) is approximated as follows (for the derivation please refer
to the Appendix):

2 qg—a
fq(q) = -%1027 In(10), ¢ <a+blog;,(z) (8)
where R is the cell radius, ¢ is an environment specific constant
and b = 10 p with p being the path loss exponent. Similarly,
the MS-RS path loss distribution L7" 1s approximated by the
following pdf (again, for the derivation please refer to the Ap-

pendix):
R
£oy) = / £yl fa(z) dz ©)
0

where f,(z) is the distribution of the distances [9]:

(10)
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Table 1. Probability p,.f. that at least one two-hop link can be

established for five users per cell and A1 = Ay = 3 dB.

# of coop 1 2 3 4 5 6
BSs:

S-A: 0.010 | 0.021 | 0.031 | 0.041 | 0.051 | 0.061
sim.: 0.009 | 0.018 | 0.032 | 0.043 | 0.051 | 0.065

and f,(y|z) is path loss distribution for a given distance from
the center, z.

Based on the above, (6) can be further evaluated as follows:

Prll" < L3P — Ay | LY < L% — Ay} =

/Vm Lm_Az Fy(m — A1) fo(r) fg(m)dmdr

(

(11)

where m and r are dummy variables; f,(r) is given in (8); and
F,(m) is the cumulative distribution function (cdf) according to
the pdf in (9). The limits of the integration are determined by
the cell dimensions and path loss models. In addition, (7) can
be determined as :

Pr{ll < L¥ — A} = : Fy(m — Ag)f(m)dm  (12)

where F,(m) is the cdf that corresponds to the pdfin (8).

In order to obtain (4), (11) and (12) are numerically evaluated.
Five users per cell are used and as an example, A; = Ay =3 dB.
First of all, the value for 1 — Pr{C; N Cy} is obtained. Accord-
ing to simulation, 1 — Pr{C; NCy} ~ 0.99958, while according
to the approximation, 1 — Pr{C; NGy} & 0.99765. This means
that the circular geometry approximation appears to be a lower
bound on the probability of not finding a suitable two-hop link.
Clearly, when using these findings in the original formula for
Puctr the discrepancy will increase exponentially with the power
of U2 K. Hence, in order to verify the mathematical model pre-
sented, a semi-analytical approach is taken. Namely, the sim-
ulation result for 1 — Pr{C; N Cy} is used and applied to the
formula for pyce,. The model for py.5; 18 successfully verified by
simulation and a comparison between semi-analytical and sim-
ulation results is shown in Table 1, denoted by S-A and sim.,
respectively. As expected, when the number of cooperating BSs
increases, the probability that at least one two-hop link is found
which satisfies both C; and Csq increases. It is interesting to de-
termine how many users per cell are required in order for a two-
hop link to be always available, i.e., for p . to become one.
Because the simulation result for 1 — Pr{C; N Cs} is closer to
one than the theoretical result, p,.sr when obtained via simula-
tion will converge slower. It can be calculated that for 110 users
per cell and just one cooperating cell, pycs is 0.994. Clearly,
when more than one cooperating cell is available, convergence
to one 1s reached faster. In fact, for all practical purposes, for
more than 150 users per cell, p.; is actually one. For a cell ra-
dius of 500 m, the cell area is 0.87 km?, which means about 170
users per km?. This is a reasonable number, as even suburban
areas have at least 100 users per km? and typically in the order

of thousand (depending on the wireless provider market share)
[11], [12].

It is important to mention that the choice of A; and A, has a
significant influence on the performance of asymmetry balanc-
ing. First of all, A; and Ay influence how fast pycf converges
to one. For example, if A1 is kept at 3dB, but As is increased to
5 dB, then according to simulation around 200 users per cell are
necessary (240 users per kmz) for puctr to become one. In addi-
tion, A, and A, control the choice of off-loading MSs and serv-
ing RSs. As an example, Fig. 4(a) shows the distribution of the
off-loading MSs and the serving RSs for A; = As =3dB (us-
ing the path loss models specified in Section III). It can be seen
that as intended, MSs at the cell edges off-load to better-placed
MSs in terms of path loss (log-normal shadowing is not con-
sidered). Furthermore, as seen when comparing Fig. 4(a) with
Fig. 4(b), increasing A, for a given A; will move the “belt”
of RSs closer to their associated BSs. In contrast, increasing

- Ay for a given A, will shrink both the “belt” of RSs and the

“belt” of MSs, as can be seen when comparing Fig. 4(a) with
Fig. 4(c). Multi-hop link optimization strategies are presented
in [13]. Because optimization of A, and A5 pertains to the par-
ticular routing strategy in place, it 1s not considered in this study
and Al = AQ =3 dB is used.

It can be seen from the above that users at the cell-edges are
most likely to use two-hop links. Hence, asymmetry balanc-
ing can be combined with “smart” scheduling such that when
a given BS faces overload, it gives priority to users, which
are closer to the cell center, thus encouraging users which are
closer to the cell edges to use two-hop communication. “Smart”
scheduling for load balancing is beyond the scope of this paper.

II1. SIMULATION MODEL

An OFDMA-TDD system, designed according to the UL
asymmetry balancing model introduced in Section II, 1s simu-
lated using a Monte Carlo approach. Each of the seven cells
has a centrally-placed omnidirectional BS and full frequency
reuse 1s assumed. Due to complexity issues only twenty users
are distributed uniformly in each of the seven cells. The users
are distributed at the beginning of each iteration and a snap-shot
analysis is performed. For simplicity and demonstration pur-
poses, the UL«—DL SPs are synchronized across the cells at the
symmetric state. However, the model can readily be applied to
any asymmetry ratio. Similarly to the envisaged traffic asymme-
try in data-packet services, traffic is on average DL-favored. The
center cell, however, 1s UL-overloaded and hence generates UL-
favored traffic. The holding time 1s the same for all users and
equals one chunk during a time slot (5 OFDM symbols). Each
cell 1s imposed a mean offered load, which governs the respec-
tive user mean inter-arrival times and each user independently
generates holding times with exponentially distributed interar-
rival times. The traffic per user is stored in a buffer and served on
a first-in-first-out basis. Path loss 1s calculated using the WIN-
NER C1 path loss model (NLOS) for urban environment [14] as
shown below:

Lp = a —|_ bloglo (d) (13)

where L, is the path loss in dB, a and b are given in Table 2,
and d is the transmitter-receiver separation distance in meters. It
should be noted that the values of @ and b depend on whether
MS-RS path loss, BS-MS path loss, or BS-BS path loss is
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Fig. 4. Adjusting A1 and As changes the distribution of off-loading MSs
and serving RSs: (a) A; = Ao =3dB, (b) A; =3dB and Ay =6dB,
and (c) A; =6dB and A, =3dB.

calculated. For the latter line-of-sight conditions are assumed.
MSs are associated with serving BSs based on minimum path
loss. Perfect synchronization is assumed and only co-channel
interference from all active other-cell transmitters is taken into
account. Time-frequency resources are allocated following a
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Table 2. Simulation parameters [14], [16].

Carnier frequency 5GHz
Time slot duration 0.1152ms
Number of time slots/ frame 6
Number of OFDM symbols/ time slot 5
Transmit power/ link 251 mW (24dBm)
Shortest BS-BS distance I km
BS height 25m
MS height 1.5m
MS-BS: 39.61
Path loss parameter a MS-RS: 32.49
BS-BS: 41.2
MS-BS: 35.74
Path loss parameter b MS-RS: 43.75
BS-BS: 23.8

score-based approach [15], where the score is evaluated based
on buffer-size. In particular, a given resource is allocated to the
user with the largest average buffer size, monitored during a time
window of eight frames. The simulation parameters are shown
in Table 2. For demonstration purposes, 16 OFDM subcarriers
are considered (subject to slow fading effects only). As the SP
is symmetric, both UL and DL are allocated 16 subcarriers/time
slot x 3 time slots/frame = 48 chunks/frame (as one chunk is
one subcarrier). The transmit power per chunk is fixed to the
maximum transmit power divided by the number of chunks per
time slot.

IV. RESULTS AND DISCUSSION

In this study, the performance of UL asymmetry balancing
is investigated. Therefore, it is assumed that the UL in the Col
is overloaded and two particular scenarios in terms of resource
availability are defined: (1) A best case 6-cell scenario, where all
six first-tier cells cooperate; and (2) a worst-case 1-cell scenario
where only one first-tier cell cooperates. (Technically, the worst
case is if zero cells cooperate and will be considered later.) Dif-
ferent resource availability conditions are enforced by varying
the total user demand per frame per cell (in %). In this paper,
the synchronized SP is set to allocate half of the frame resources
to UL and DL each. As a result, in order to obtain the proba-
bility for resource occupancy at a particular link direction for a
given cell, the respective user demand should be multiplied by
2 (because the user demand is defined on a frame basis). The
DL resource occupancy probability both at the Col and at the
cooperating cells is varied from O to 0.8, which corresponds to
a user demand that varies from 0% to 40%. In order to account
for a worst case scenario in terms of interference experienced
by the ad hoc links, the non-cooperating cells are assumed to
be fully loaded in DL (i.e., the demand is 50%). Because the
UL resource demand of the first-tier cells would not influence
the results for UL asymmetry balancing, it 1s kept constant for
all considered scenarios. The UL and DL resource demands are
shown in Table 3. In order to confirm the theoretic model pre-
sented in Section I, results displaying the virtual SP at the Col
for the 6-cell scenario and for the 1-cell scenario are shown in
Fig. 5 and a perfect match between simulation and theory 1s ob-
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Table 3. Resource demand for UL and DL (in %).

Cell number — 1 2 1314|5617
Link direction | | (Col)
UL 100 15
DL (6-cell) 0—40
DL (1-cell) 0—40 50
6 coop. BSs = = =1 coop. BS

._ ' Points marked by x pertain '
85F S o the analytically obtained data :
. . ' ~ . : Z . .

Part of frame allocated to UL [%]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 5. Frame resources allocated to UL at the Col by the virtual SP. Solid

and dashed lines show simulation results, while analytically obtained
data points are marked by “x”.

served.

Next, the performance of the UL asymmetry balancing
scheme is compared against two systems: 1) An independent
SP (ISP) system where each cell independently sets its SP based
on the ratio of UL and DL resource demands; and 2) a syn-
chronized SP (SSP) system which is the same as the asymmetry
balancing system, but off-loading does not take place. The com-
parison metric is spectral efficiency as given in (14), because
it can capture not only user link conditions, but also how effi-
ciently resources in a frame are utilized:

1 (X Moy, Hor .
Gy = log, (1 + ~; m
b= o ; ogo(1+ ) + Moy ;logz(H% )

(14)
where Cy, 1s the spectral efficiency per chunk in bps/Hz; ~; is
the SINR of chunk ¢ for single hop links; M = E%Ctot is the
number of chunks allocated to UL as per the network-wide SP;
Mo = puierCtot, 1s the number of DL chunks available for
off-loading; Moy, is the number of chunks actually utilized for
off-loading; and ™" is the SINR of chunk j for two-hop links.
Clearly, for systems which do not employ asymmetry balancing,
p = 0, and the second term of the summation in (14) produces
a zero. In addition, it should be noted that 'y;?lh 1s taken as the
minimum of the SINR achieved at the first and second hops for

each two-hop link. Furthermore, %égﬁ 1S used as a correction
factor for the following reason. Due to simulation complexity,
only twenty users per cell are simulated. As a result, not all
available CFRs can be utilized for off-loading via a neighbor-
ing RS. The number of available CFRs is only influenced by the

Variable DL demand for 6 first-tier cells

Col DL demand:

Spectral efficiency {bps/HZ]

B S S B fa s i
et prbaiies |
i ey

2
First—tier DL demand of 6 cells [%]

Variable DL demand for 1 first-tier cell

Spectral efficiency [bsp/Hz]

10
First-tier DL demand of 1 cell [%]

Fig. 6. UL specitral efficiency performance at the Col achieved with
asymmetry balancing (AB) as compared to an ISP system.

actual load, 1.e., fraction of available resources, which 1s inde-
pendent of the number of users in the system. In contrast, how
many of the available CFRs can be utilized for MS—RS links
depends on user density (active and non-active users alike) be-
cause user density determines 1f and how often a two-hop path
can be found. As a consequence, the spectral efficiency results
are also influenced by the number of users in the system. Be-
cause, as was demonstrated in Section II, it can be safely as-
sumed that in realistic scenarios all available CFRs can be actu-
ally utilized, the correction factor aims to obtain representative
spectral efficiency performance.

When the UL spectral efficiency performance of the Col
achieved by the asymmetry balancing scheme is compared to
the spectral efficiency performance of an ISP system, the advan-
tages of asymmetry balancing in avoiding BS—BS interference
become evident. The results, presented in Fig. 6, show that when
the DL demand at the first-tier cells is increased, which in effect
increases the number of crossed slots and, hence, the BS—BS
interference experienced by the Col, the spectral efficiency at
the Col attained by the ISP system exhibits very poor perfor-
mance. Using asymmetry balancing results in a tremendous im-
provement, and depending on the DI. demand at the first-tier
cells and at the Col, a spectral efficiency increase of more than
100% can be achieved (referring to the 1-cell scenario with first-
tier DL demand of 0% to 20%). For the considered scenarios,
the ISP system results in better UL spectral efficiency for the
Col only when crossed slots are absent. Such 1s the case in the
6-cell scenario when the DL demand is 0%, 1.¢., none of the six
first-tier cells has DL traffic, which is a highly unlikely situation.
For the spectral effiency achieved by the asymmetry balancing
system, there 1s a common trend that as the DL resource demand
increases (at the Col and first-tier cells alike), the spectral effi-
ciency at the Col decreases. This 1s as expected, because with an
increase in resource demand fewer resources are used for load
balancing.

Next, the spectral efficiency attained by asymmetry balancing
is compared to that attained by an SSP system, where the SPs
are synchronized across cells, which 1s a common strategy for
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Variable DL demand for 6 first-tier cells
25 . . " :

Col DL
demand:

225_ ...........
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Spectral efficiency [bps/Hz]
[

1.5
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First-tier DL demand of 6 cells [%]

Variable DL demand for 1 first-tier cell Spectral efficiency
. . . ; - aftained by an
equivalent SSP

| system

25

2.25

1.75-

.

15

Spectral efficiency [bps/Hz]
[y

0 10 20 40
First-tier DL demand of 1 cell [%]

Fig. 7. Spectral efficiency performance of AB as compared to an SSP
system. The spectral efficiency attained with asymmetry balancing
is plotted by bars, while the spectral efficiency achieved by the SSP
system is shown by a constant line as denoted on the plots.

avoiding the detrimental BS—BS interference. Results for the
- UL spectral efficiency attained at the Col with asymmetry bal-
ancing are shown in Fig. 7 for different DL demand scenarios
(bar plots) and compared to the performance of an SSP system
(solid line). As intuition suggests, when the SPs are synchro-
nized, there 1s no difference in the Col UL spectral efficiency
performance among the considered scenarios. It is interesting
to note that in tackling the poor spectral efficiency attained by
the ISP system, simply synchronizing the SPs results in about
50% improvement in spectral efficiency for the cases of severe
BS—BS interference (as 1s the 1-cell scenario), which can be
seen by comparing the bottom plot of Fig. 7 and the bottom
plot of Fig. 6. Employing asymmetry balancing ameliorates the
spectral efficiency even further and from Fig. 7 it can be ob-
served that the system which employs asymmetry balancing al-
ways outperforms the SSP system. In the case of 0% DL de-
mand at the Col, an increase in the spectral efficiency with re-
spect to the SSP system of up to ~=50% is observed for up to
20% DL demand at the first-tier cells. When the DL demand at
the Col is increased to 25%, up to ~25% increase in spectral ef-
ficiency is attained. In general, as expected, the more resources
are allocated to UL (referring to Fig. 5), the higher the spectral
efficiency achieved by asymmetry balancing. Exception to this
trend is the case of 0% DL demand at the Col (i.e., 100% of
the frame resources are allocated to UL) for the 6-cell scenario
(and a little less pronounced for the 1-cell scenario), where the
achieved spectral efficiency increases slightly with increase in
the first-tier DL demand and then decreases again. This effect is
caused by using fixed transmit power per chunk. When the trans-
mit power 1s fixed, the SINR decreases with an increase in the
number of simultaneously active users using the same resource.

The demonstrated UL spectral efficiency amelioration at-
tained by asymmetry balancing 1s at a slight loss in spec-
tral efficiency for the first-tier DL transmission as compared
to an SSP system. The loss 1s due to the off-loading ad hoc
links, which generate MS—MS interference to the concurrent
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Variable DL demand for 6 first-tier cells
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Fig. 8. Percentage loss in DL spectral efficiency caused by the oft-

‘loading ad hoc links as compared to an equivalent SSP system. As
expected, for the 6-cell scenario at 0% DL demand at the first-tier
cells, the loss is zero, because there is no DL traffic at the first-tier
cells.

Table 4. Resource demand for UL and DL (in %).

Cell number — 1 [ 23 4]5 6 | 7

Link direction | { (Col)

UL 15 90 | 75 | 60 | 45 | 30 | 15
90

DL 513(5) 10 | 25140 | 55| 70 | 85

BS—MS links. The results presented in Fig. 8 show that overall
the loss in spectral efficiency does not surpass 0.6%. It can be
observed, that even though the results for the 1-cell scenario and
the 6-cell scenario are similar, the loss in the case of six coop-
erating cells is slightly larger due to the fact that more resources
are used for the off-loading ad hoc links and, hence, more in-
terference is caused to the first-tier DL transmission. Further-
more, the caused loss decreases with increase in the DL demand
(both at the Col and first-tier cells), as expected, because less
resources are used for off-loading. It should be noted that the
spectral efficiency loss obtained for twenty users per cell is rep-
resentative even for larger number of users for the studied sce-
narios, because the number of active users at any given time slot
using any given chunk does not change and is equal to the num-
ber of cells under consideration.

In order to complete the analysis of the asymmetry balanc-
ing scheme, it is important to consider what happens when there
are no available resources for off-loading. To this end, a fully
loaded system is studied (i.e., the total UL and DL demands add
up to 100% for each cell), where each cell has a different traffic
asymmetry demand, as shown in Table 4. For the Col two sce-
narios are defined — UL-favored and DL-favored. The first-tier
cells all have different asymmetry demands, which range from
highly UL-favored to highly DL-favored in order to explore the
crossed-slots effects on the Col. On average three of the first-
tier cells require an UL-favored SP, while the other three require
a DL-favored SP. Two systems are compared, viz: an SSP sys-
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Fig. 9. Spectral efficiency comparison of an ISP system with an SSP
system, under the assumption of a fully loaded network.

tem, as the asymmetry balancing system becomes an SSP sys-
tem in the situation of full network load; and an ISP system.
Results for the UL and DL spectral efficiency at the Col are pre-
sented 1n Fig. 9 (top plot and bottom plot, respectively). When
UL spectral efficiency 1s considered (top plot), it is observed that
when the demand at the Col is UL-favored and crossed slots
are present, by avoiding crossed slots the SSP system actually
achieves about 2.5 times better spectral efficiency at the 50"
percentile than the ISP system. As expected, when the demand
at the Col 1s DL-favored, the UL spectral efficiency at the Col is
the same for an ISP system and an SSP system. Similarly, when
considering the DL spectral efficiency at the Col (bottom plot),
for low DL demand, the ISP system and the SSP system attain
similar performance. However, when the DL demand at the Col
1s increased, the ISP system manages to provide about 1.7 times
better spectral efficiency at the 50" percentile than the SSP sys-
tem. Here it 1s important to point out that MS—MS interference
is not expected to be a detrimental problem in OFDMA-TDD
systems because in order to have high MS—MS interference
two MSs need to be using the same chunks at the same time in
very close proximity to each other. The situation is different in
the case of BS—BS interference, as BS positions are fixed and
the whole bandwidth is reused in each cell.

It can be summarized that overall the results demonstrate that
allowing each cell to set its SP independently leads to sub-
optimum results in the majority of cases, while synchronizing
the SP across cells improves spectral efficiency performance
significantly. Employing asymmetry balancing, i.e., keeping a

network-wide SP and making use of inter-cell relaying, amelio-

rates the attained spectral efficiency even further. It 1s expected

that optimizing the routing strategy will result in even better sys-
tem performance.

V. CONCLUSIONS

In this paper, a method named asymmetry balancing has been
proposed. It allows the support of cell-independent asymme-
tries in OFDMA-TDD next generation networks with complete

avoidance of the detrimental BS—BS interference. The key to
solving this issue is user cooperation in combination with inter-
cell relaying. A general mathematical framework for the assess-
ment of the proposed technique has been developed, and it has
been applied to an UL study. It has been demonstrated that in the
case of shortage of UL resources a virtual cell-specific SP can
be established, depending on the system UL-to-DL asymmetry
ratio and the available DL resources at the Col and its six neigh-
boring cells. When one or more cells can cooperate, even the
whole frame can be virtually allocated for UL traffic. This flex-
ibility in resource allocation comes at a relatively insignificant
cost of less than 0.6% loss in DL spectral efficiency incurred
due to interference caused by the ad hoc links. Furthermore, it
is found that the asymmetry balancing technique significantly
outperforms conventional approaches where the TDD SPs are
synchronized cell-wide and where the TDD SPs are adapted to
the cell-specific asymmetry demands. For the UL spectral ef-
ficiency of the Col, the gains with respect to the case of fixed
SPs are up to about 50%, whereas the gains with respect to the
case of cell-specific SPs surpass 100%. As expected, BS—BS
interference avoidance leads to tremendous spectral efficiency
improvement. In addition, it has been demonstrated that when
the system is fully loaded, the loss from allowing BS—BS in-
terference can be bigger than the loss which results from not
meeting DL demand by synchronizing the TDD SP cell-wide.
Future work will focus on DL asymmetry balancing and the ef-

fect of power control on the ad hoc links as well as on the direct
links.

APPENDIX

In order to determine the BS—-MS and MS-RS path loss distri-
butions the cell geometry is approximated by circular geometry
(Fig. 10). The Col is a circle with radius R and the RSs are out-
side this circle and within a circle with radius 3R (due to the
hexagonal cell geometry).

Referring to the small circle, the BS-MS path loss distribu-
tion can be approximated using the distribution of the distances
between the center of the circle and any point inside the circle
as shown in [17]. In summary, assuming uniformly distributed
points along the horizontal and vertical axes, this distribution of
the distances is given in (15) [9].

2
z z < R.

fz(z):“ﬁ“jv >

(15)
The respective path loss, @ is of the form: QQ = a + blog,4(Z),
hence using variable transformation, the pdf of () can be ob-
tained as:

2

fq(Q) — R—ZZ;IOQ

g—il

5 In(10), g < a+blogp(z).  (16)

Next, in order to determine the MS—RS path loss distribution,
the problem can be formulated as finding the distribution of the
distances between any point in the small circle to any point in
the ring. Then, variable transformation can be used to find the

distribution of the path losses.
Given that a transmitter is z [m] from the circle center, the pdf,
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fz(x|z), of the MS-RS separation distances, X, can be found as:

(

1 22422 —R?
TARZ (ﬂ'—'aTCCOS( D20 ) Z,

for R—z<z< R+z

(l2) for R+z2<x<3R-=z

z2+2?—(3R)?
2zx )CL’

for 3BR—2<zx<3R+ =z

(17)
The next step 1s to convert the MS—RS distance distribution to
path loss distribution. The path loss model used is of the form
Y = a+blog;o(X), hence X = 10" . The path loss distri-
bution for a given distance from the center, z, can be obtained
as:

1
— g arccos(

\

dx(y
Fwl2) = £Gw) |52
Yy
( 2 y—a ., C
fo1 = ;f% (7‘!‘ — arccos( 2 +21§ny5;_@_}3 )) 1075
for R—2<10"% <R+ z
H—_G,
o < fm,2 ~— D-i%2b .
for R+2<10% <3R-—2z
_ _D 224102%F —(3R)2 4 n2ze
fr,3 = =7z arccos( = )107
\ for 3R — 2 < 10" < 3R+ =z

(18)
where D = 105 In(10).

Using (15), f,(y) can be obtained as (function arguments
omitted for clarity):

R
f)= [ L) e
¢ rR
fe1f.dz, x €0, R+
R—x
R
/ fza1f.dz, x € [R,2R)
r—R
x—R
fzof-dz, x € [R,2R]+
— < 0 3R—=x
/ foofs dz, x € 2R, 3R]
0

R
/ foafs dz, @ € 2R, 3R]+
3R—=x

[ feafedz w e 3RAR]
\ r—3R
(19)

The above equations are evaluated numerically and compared
to a simple Monte Carlo simulation for verification. The re-
sults are shown in Fig. 11. The following simulation parameters
(WINNER [14}) are used: R i1s 500m, a is 32.49dB and b is
43.75 dB. In the system model in this study, hexagonal cells are
used. Thus, in order to verify that the circular geometry is a good
approximation to the hexagonal geometry, simulation results for
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Fig. 10. Hexagonal cell geometry, approximated by circular geometry.
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Fig. 11. Pdf of the MS—RS path losses.

the path loss distribution in the case of hexagonal geometry are
provided for comparison.
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