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throughput can be traded off for improving user throughput at the cell boundary, which in turn enhances fairness. Moreover, a
variable BB power is proposed that allows an individual link to signal the maximum CCI it can tolerate whilst satisfying a certain
quality-of-service constraint. The variable BB power variant not only alleviates the need to optimise the interference threshold
parameter, but also achieves a favourable tradeoff between system throughput and fairness. Finally, link adaptation conveyed by
BB signalling is proposed, where the transmission format is matched to the instantaneous channel conditions.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) has
been selected as a radio access technology for a number of
wireless communication systems, for instance, the wireless
local area network (WLAN) standard IEEE 802.11 [1], the
European terrestrial video broadcasting standard DVB-T [2],
and for beyond 3rd generation (B3G) mobile communica-
tion systems [3]. In OFDMA, the available resources are
partitioned into time-frequency slots, also referred to as
chunks, which can be flexibly distributed among a number of
users who share the wireless medium. Provided that channel
knowledge is available at the transmitter, resources can be
assigned to users with favourable channel conditions, giving
rise to multiuser diversity [4].

Interference management is one of the major challenges
for cellular wireless systems, as transmissions in a given cell
cause cochannel interference (CCI) to the neighbouring cells.

Full-frequency reuse where the transmitters are allowed an
unrestricted access to all resources causes high CCI, which
particularly impacts the cell-edge users [5-7]. Although CCI
can be mitigated by traditional frequency planning, this
potentially results in a loss in bandwidth efficiency due to
insufficient spatial reuse of radio resources. Fractional fre-
quency reuse (FFR) [4-6, 8] addresses this issue by realising
that in the cellular networks CCI predominantly affects users
near the cell boundary. FFR typically involves a subband with
full-frequency reuse that is exempt from any slot assignment
restrictions. The allocation of the remaining subbands is
coordinated among neighbouring cells, in a way that the
users in the given cell are denied access to subbands assigned
to the cell-edge users in the adjacent cells. To this end, in
[5] a user is classified as a cell-edge user based on the path
loss to the desired base station (BS). This approach ignores
the fact that the channel attenuation of the desired and
the interfering signals is uncorrelated, and therefore fails to
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exploit interference diversity. Moreover, frequency planning
results in a hard spatial reuse of the available resources. As
a result, it cannot cater for the dynamic traffic and load
across different sites. Furthermore, in systems where BSs
are dynamically added in an uncoordinated manner, such
as home base stations [9], reconfigurable frequency reuse
planning may prove to be increasingly cumbersome.

The busy-signal concept [10-16] has been identified
as an enabler for decentralised and interference aware
slot assignment. Receiver feedback informs a potential
transmitter about the instantaneous CCI it causes to the
“victim” receivers, which enables the transmitter to take
appropriate steps to avoid interference, such as deferring its
own transmission to another chunk. Early works [10, 11] rely
on dedicated frequency-multiplexed channels that carry nar-
rowband busy tones for channel reservation. As the protocol
requires the transceivers to listen to the out-of-band busy
tones whilst transmitting, complex RF units are required due
to additional filters and duplexers involved. This drawback
is avoided in [12-14], where time-multiplexed busy bursts
(BBs) serve as a reservation indicator for a reservation-based
medium access control (MAC) protocol. By transmitting an
in-band BB in an associated minislot following a successful
transmission, two important goals are accomplished [13, 14].
First, the transmitter of its own link is informed whether or
not the data is successfully received. Second, at the same time
potential transmitters of the competing links are notified
about ongoing transmissions, so that these transmitters can
take appropriate steps to avoid interference. Therefore, both
slot reservation and channel sensing tasks are accomplished.
Furthermore, interference diversity is exploited, in the way
that competing links may spatially reuse the same slot, given
the interfering links are sufficiently attenuated.

None of the busy tone-based MAC protocols [11-14]
allow for dynamic resource allocation where multiple users
share a set of parallel frequency slots of a broadband
frequency-selective radio channel, such as the 100 MHz
channel of the WINNER (Wireless world Initiative New
Radio, www.ist-winner.org) TDD mode [17].

By extending the BB concept to OFDMA [15, 16],
the channel reciprocity of TDD [18] is exploited for
decentralised interference management such that the chunks
can be dynamically assigned on a short-term basis thereby
ensuring a soft spatial reuse of chunks among cells. This
concept termed BB-OFDMA works in a completely decen-
tralised fashion and is therefore applicable to self-organising
networks, which may consist of cellular as well as ad hoc
network topologies.

The attainable system throughput of BB-OFDMA is
sensitive to the selected interference threshold [15, 16]. In
this paper, it is demonstrated how the interference threshold
can be tuned to tradeoff system throughput to enhance cell-
edge user throughput, thereby enhancing fairness. Moreover,
by using a variable BB power that takes into account the
quality of the intended link, a favourable tradeoff between
system throughput and fairness is achieved. A variable BB
power exhibits the further advantage that the sensitivity of
the selected interference threshold on the performance is
mitigated. Finally, BB-OFDMA with variable BB power is the
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FIGURE I: Frame structure for OFDMA-TDD with BB signalling.

basis for a novel receiver-driven link adaptation algorithm.
System-level simulations demonstrate a significant improve-
ment both in terms of fairness and total system throughput
of BB-OFDMA, compared to the system with full-frequency
reuse, where attempts to avoid interference are not made.

The remainder of the paper is arranged as follows.
Section 2 describes the air interface of WINNER-TDD. The
allocation of radio resources among the competing user
population is discussed in Section 3. Section 4 introduces
the BB signalling mechanism and its variants as well as
the proposed link adaptation algorithm. The considered
Manbhattan grid deployment scenario and the system level
simulator are introduced in Section 5, and the simulation
results are discussed in Section 6. Finally, the conclusions are
drawn in Section 7.

2. System Model

A time-frequency slotted OFDMA-TDD air interface based
on the WINNER-TDD mode [8] is implemented, as illus-
trated in Figure 1. A chunk comprises of ny subcarriers and
1o OFDM symbols and represents a resource unit that can
be allocated to one out of U users located in cell g. Successive
downlink (DL) and uplink (UL) slots, each of which contains
Nc chunks, constitute a frame. A chunk with frequency index
1 < n < Nc at frame k is denoted by (n, k). The transmit
power of user v at chunk (n, k) is denoted by Tf,q [n,k].

The transmitted signal of chunk (n,k) propagates
through a mobile radio channel. The corresponding channel
gain G, 4[n, k] comprises radio effects such as distance-
dependent path loss, log-normal shadowing as well as
channel variations due to frequency-selective fading and
user mobility [19]. While channel variations of G, 4[n, k]
between adjacent chunks in time and frequency are taken
into account, fluctuations within a chunk are neglected. This
approximation is justified as long as the chunk dimensions
are significantly smaller than the coherence time and fre-
quency [20].
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The received signal power of user v can be expressed as
R4, I, k] = RS, [n, K]+ IZ, [, k] + N, (M

where N is the thermal noise power. Both the received signal
powers of the intended and the interfering links, denoted
by Rﬂ)q[rz,k] = Tﬂq[n,k]Gw[n,k] and Iﬂq[n,k], may vary
significantly between different chunks, as elaborated in more
detail in Section 4. The achieved signal-to-interference-plus-
noise ratio (SINR) at chunk (#, k) is in the form

RS, [n,k]

Vgl k] = W- (2)

3. Multiuser Resource Allocation

Provided that only one user per cell transmits on a given
chunk, the base station (BS) may flexibly assign chunks to
users, such that the intracell interference is avoided. How-
ever, as chunks may be simultaneously accessed by adjacent
cells, CCI is encountered. Multiuser resource allocation is
carried out by a score-based scheduler [21] variant, which
distributes the 1 < n < N chunks among 1 < v < U users
served by the BS in cell q. Assuming that the channel gains
G, 4ln, k] are available at BS,, the score for user v at chunk
(n, k) is computed as

Nc

Suglm k] = 14 > Y (G, (nki<G,,lekl} + Englmk],  (3)
=1

where the Boolean operator Y, € {0,1} is set to 1 or
0 when the condition x is true or false, respectively. The
parameter €,4(n, k] € {0, co} indicates whether or not user v
is granted access to chunk (n, k). For interference aware and
reservation-based MAC protocols such as BB-OFDMA (see
Section 4.4), setting €, 4[n,k] — oo ensures that user v in
cell g is denied access to chunk (#, k). This effectively avoids
radiation of CCI from cell g to any neighbouring cells that
use the same chunk (1, k).

Score based multiuser scheduling with reservation
assigns chunk (#, k) to user v if either a reservation indicator
was set in the previous frame, f3,[#n,k — 1] = v, or the score
given by (3) is minimised

argmins, g [n, k], Pgln,k—1] =0,
a,[n, k] :{ v ! @)

ﬁv,q[nak - 1]>

In case €, 4[n, k] — oo for all users, cell g leaves chunk (#, k)
unassigned in (4). The user v that is assigned chunk (#, k)
transmits data to its intended receiver. The set of chunks n €
{1,...,Nc} at time k, for which a,[n, k] = v are denoted by
Ay,q. Allocated chunks a,[n,k] = » whose achieved SINR
Yrqln, k] exceeds the target I', such that

otherwise.

v, ag[n k] =vand y,,[nk] =T,
by[n, k] =1 ! T (5)

0, otherwise

represent the set of successfully allocated chunks of user v,
denoted by 8,4 < 4,4 [15].

For BB-OFDMA chunks with b,[n,k] #0 are reserved
and protected from interference at the next frame k + 1 by
setting the reservation indicator to B,[n,k] = by[n,k] in
(4). When the SINR target is not met, y,4[n,k] < T, the
reservation indicator is reset to f4[n, k] = bg[n,k] = 0.
These chunks A,  \ 8B, are released in a way that user v
is prohibited access in the next slot k + 1 by setting €, 4[n, k +
1] — oo. Subsequently, chunk (n,k + 1) is assigned to other
users by (4).

In a cellular OFDMA system without interference pro-
tection, there is no restriction for accessing any chunks, so
€yqln,k] = 0 Vn, k in (3) for all users in the cell. Moreover,
no reservation indicator is set, f4[n,k] = 0 Vn,k in (4),
irrespective of by [n, k] in (5).

4. Busy Burst Signalling

Interference management using busy burst (BB) signalling
[13, 14] establishes an exclusion region around active
receivers. An exclusion region defines an area around an
active receiver in cell g, where potential transmitters in
adjacent cells p# g must not transmit, so that excessive
CCI by close-by interferers is mitigated. In the context
of OFDMA, the exclusion regions are to be established
individually for each chunk (n,k) [15]. In BB-OFDMA, an
MAC frame is divided into data slots and BB minislots as
illustrated in Figure 1. The BS transmits data in slot “Data
DL” Provided that the SINR target for an allocated chunk
(n,k) is met, the intended mobile station (MS) transmits
a BB in the associated minislot “BB UL” at uplink chunk
(n, k). This reserves chunk n of “Data DL” for the next frame
k + 1. Likewise, for uplink data transmitted by the MS in
slot “Data UL,” the BB is transmitted by the intended BS in
the downlink minislot “BB DL.” In summary, BB-OFDMA is
described by the following protocol.

(1) All potential transmitters must sense the BB associ-
ated to the data chunk (n, k) prior to transmission.

(2) Transmitters are prohibited to access chunks where a
BB is detected above a given threshold.

The resulting BB signalling overhead amounts to 6.7%, as
2 OFDM symbols out of 30 OFDM symbols per frame are
used for BB signalling. However, instead of dismissing BB
signalling as overhead, the BB minislots may be utilised to
convey the feedback and control information. Hence, BB
signalling may serve as an alternative control channel.

To exemplify the principle of BB-enabled interference
avoidance in cellular system, a typical downlink and uplink
interference scenario is illustrated in Figure 2. In the down-
link shown in Figure 2(a), MS; has transmitted a BB after
successful reception from BS;. As BS, detects a strong BB
from MS;, BS; cannot spatially reuse this chunk with BS;.
In the uplink shown in Figure 2(b), BS; has transmitted a
BB after successful reception from MS;. While MS, is denied
access to this chunk, as it detects a strong BB from BS;,
MS3 is located outside the exclusion region of BS;, and may
therefore simultaneously access this chunk with MS;.
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BS;

<— Desired signal
<X~ Link (s) not admitted (cause excessive CCI)
<+ Interfering signal

(a) Downlink

<— Desired signal
<X~ Link not admitted (cause excessive CCI)
<+ Interfering signal

(b) Uplink

FIGURE 2: BB signalling applied to cellular system. The arrows depict the direction of desired and interfering signals and their relative strength
is indicated by their width. The strength of BB signal is indicated by the darkness of the shade around the vulnerable receiver.

4.1. Two Competing Links. To mathematically describe BB-
enabled interference avoidance, let x = (7,q) define a
transmitter or receiver (either BS or MS) of user v within
cell g. With this notation, the channel gain of the intended
link at chunk (n,k) becomes Gy[n,k] = G,4[n,k]. The
channel gain of an interfering link, between transmitter
y = (u,p) of user p located in an adjacent cell p#gq
and receiver X, is denoted by Gyx[n,k]. In case two links
compete for resources, the CCI between transmitter y
and receiver x amounts to Id[n, k] = ny[n,k]T;,i[n,k].
(The term I{[n,k] is equivalent to the CCI I [n,k] as
defined in (1). While the notation I¢[n, k] is preferred for
intercellular interference management, the latter is used
for intracell resource allocation. The same rule applies for
related quantities that denote transmitted and received signal
powers.) Likewise, T?[n, k] and I}t,’[n, k] = ny[n,k]T,‘g[n,k]
are the transmit power of the BB transmitter x (data receiver)
and the interfering BB power received at data transmitter y
(BB receiver), respectively.

Exploiting TDD channel reciprocity [18], transmitter y
can ascertain Id[n, k], the potential amount of interference
it causes to an existing link x, by measuring I,'?[n,k] at the
associated BB minislot [13]. Applying the channel reciprocity
property of TDD, Gyx[n, k] = Gxy[n, k], yields

T4[n, k]
d _ b i
ROmk] = Blnk] - 7L

(6)
The maximum CCI Id[n, k] that a candidate transmitter
y may cause to an active receiver x is determined by the
interference threshold Iy, which is constant and known
to the entire network. When I,‘f[n,k] < Iy, transmitter y
is located outside the exclusion range of x. Provided that
T®[n, k] is known to the candidate transmitter y, (6) enables
y to verify whether Id[n,k] < Iy, by invoking the threshold
test [13, 14]

Tn, k]
b y -
I[n,k] - Tk = Iny (7)

In case Ty [n, k] = Ty [n, k], condition (7) reduces to
n,k] < I. (8)

By tuning Iy, the maximum CCI If[n, k] in (2) is adjusted,
which determines the size of the exclusion range around
active receivers.

4.2. Extension to Multiple Cells. In a multicell scenario,
signals from multiple links superimpose at the receiver. The
total interference at data receiver x amounts to

I)?[n)k] = Z TS[”a k] ) sz[n) k]) (9)
zeT
ZF#X
where 7 is the set of simultaneously active transmitters.
Likewise, the received BB at the data transmitter (BB
receiver) y yields

I}?[n,k] = Z TP [n,k] - Gyyln, k1, (10)
zeER
17y
where R is the set active receivers (BB transmitters).

Unlike the case when two links compete for resources,
I)'?[n,k] is no longer equivalent to I¢[n, k] in the threshold
test (8). This is because in (9) the interference powers from
multiple transmitters 7~ add up. Consequently, the total CCI
at data receiver x may exceed the tolerable threshold such
that I¢[n,k] > Iy, although the BB power (10) observed
by the individual interferers y € 7 is below the threshold,
I‘;[n,k] < I. On the other hand, in (10) the interfering
BB powers from multiple simultaneously active receivers
observed at y € T add up. It is, therefore, possible that
I}’[n,k] > I, so that link y is prohibited from accessing
chunk (n,k), although its individual CCI contribution,
T;,i [1n,k] - Gyx[n, k] would be below Iy,. Note that the former
effect partly compensates the latter. Moreover, in many
cases the interference is dominated by one strong interfering
source. Therefore, the threshold test (8) provides a good
approximation to the level of interference potentially caused
to the active receivers.
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4.3. Initial Access in Contention. Initial access of unreserved
slots in BB-OFDMA is carried out in contention. During
contention, two or more transmitters from adjacent cells
may access chunk (n,k) simultaneously. As a result, one
or several links may encounter a collision on chunk (n, k),
where the SINR target is not met. To reduce the occurrence of
simultaneously accessed chunks in contention, a p-persistent
chunk allocation procedure is applied to BB-OFDMA, where
chunk (n, k) in cell q is accessed with probability p. Denoting
the outcome of the p-persistent chunk allocation with
the binary random variable y,[n,k] € {0, 1}, the access
probability yields P(x,[n,k] = 1) = p. The impact of p on
the system performance is investigated in Section 6.1.

4.4. Decentralised Chunk Reservation with BB Signalling. The
BB-OFDMA protocol enables a link x = (v,g) to contend
for a chunk once it is ensured that the CCI caused to the
coexisting links y in the neighbouring cells is below a given
threshold (8). Prior to accessing chunk (#, k), transmitter
x = (,q) listens to the associated BB minislot. Whether a
user v within cell g may contend for chunk (n,k) in (4) is
controlled by

0, I° [nk] < Iy and y,[n,k] = 1,
€yl k] ={ . S (11)

o0, otherwise.

Chunks, where aq[n,k] = v in (4), are allocated to user
v. Those chunks where the achieved SINR is above a
required SINR target, y,4[n,k] = T, are reserved by setting
the reservation indicator f,[n,k] = v in (4), and are
subsequently protected from CCI by BB broadcast. The BB
broadcast from the intended data receiver is observed as
a surge in the received BB power [14], which effectively
notifies the transmitter that the data of chunk (#, k) has been
correctly received. User v then reserves chunk # in the next
frame k + 1 by setting by[n,k + 1] = v in (5). On the other
hand, if the transmitter does not detect a BB surge, it is
understood that the SINR target was not met due to high
CCI. These chunks are released by a reset of the reservation
indicator to B,4[n, k] = 0 and setting €, 4[n,k] — oo, so that
chunk (1, k + 1) may be assigned to other users.

4.5. Balancing System Throughput and Fairness. Cell-edge
users are particularly affected by CCI for two reasons. First,
the desired signal levels Rd[n, k] are, on average, much
weaker compared to users in close vicinity to the desired BS
due to relatively low channel gains on their intended links
Gx[n,k]. Second, cell-edge users suffer from high CCI in
the downlink, or cause high CCI to the adjacent cells in the
uplink.

By tuning the interference threshold Iy in (8), the
amount of CCI Id[n, k] caused to the receiver of a preestab-
lished and coexisting link x = (v, q) is adjusted. Lowering
Iy, enforces a larger exclusion region around a vulnerable
receiver. This enables cell-edge users to meet their SINR
target I' with a greater likelihood. On the other hand, by
augmenting Iy, the number of simultaneously served links
increases, giving rise to an enhanced system throughput.

However, the cell-edge users are less likely to maintain
their SINR target as interference protection is gradually
eliminated. The chunks are released where the SINR target
is not met, which means that these chunks are no longer
reserved. Since the cell-centre users are less exposed to CCI,
the chunks released by the cell-edge users are likely to be
reallocated to the cell-centre users. As the allocation of the
resources is shifted from the cell-edge users towards the cell-
centre users, fairness is compromised. Hence, by adjusting
I, system throughput is traded off for fairness.

A common measure to quantify fairness is Jain’s fairness

index [22], defined by

U 2
‘Zv:l | £%q | )
F = U 2 (12)
Uzv:l | £v,q |

where U is the number of users in a given cell g. The user
throughput |8, 4] accounts for the number of successfully
transmitted/received bits by user », as defined in (5). A
fairness index of F = 1 represents a perfectly fair system
where all users achieve the same throughput. On the other
extreme, a fairness index of 1/U represents an unfair system
where one user is served while all other users starve. We
note that the fairness definition (12) is a relative measure,
which ignores the absolute achieved throughput per user. To
this end, a good fairness index F may coincide with poor
spectrum utilisation. For instance, a system where two users
achieve 1 Mbps and 2 Mbps would result in a poorer fairness
index than a system where both users achieve only 0.5 Mbps.
When analysing fairness, the fairness definition (12) should
therefore be considered jointly with user throughput results.

(1) Consequences for the Downlink. In the downlink, MSs at
the cell edge are exposed to high CCI from transmitters in
adjacent cells (see Figure 2(a)). Note that the CCI observed at
a given cell (cell 1 in Figure 2(a)) is independent of the user
distribution in adjacent cells (cell 2 in Figure 2(a)), assuming
a constant transmit power T¢[n, k]. This implies that if BS,
lies within the exclusion region of MS;, resources reserved by
MS; cannot be spatially reused by any of the links in cell 2.
However, if Iy, is increased such that BS, is located outside
the exclusion region of MS,, all links in cell 2 qualify for
a spatial reuse of the resources reserved by MS;. However,
the SINR target at MS; is less likely to be met. Should the
SINR target at MS; not be met, this would cause the chunk
allocated to MS; to be released and reallocated to another
user served by BS; - possibly a user that is located closer to the
the serving BS;. Therefore, the cell-edge throughput would
suffer.

(2) Consequences for the Uplink. In the uplink, the trans-
mitters (MSs) are distributed uniformly over the coverage
area of the BS (see Figure 2(b)). Unlike the downlink, the
CCI at the tagged BS depends on which MS transmits in
the adjacent cell. To this end, the CCI observed at BS; in
Figure 2(b) depends on whether MS, or MS; transmits to
BS,. Suppose that in cell 2 both MS, and MS; contend with
MS; in cell 1 for chunks (n,k) and (n’, k). In case MS, and
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<— Desired signal
<+ Interfering signal

FIGURE 3: Busy burst with interference tolerance signalling (BB-
ITS) in the downlink. The ovals represent the exclusion region
formed with BB-ITS.

MS; simultaneously access chunk (#, k), while MS; and MS;
simultaneously access chunk (1, k), the SINR at BS; tends
to be superior on chunk (n’, k) due to the lower CCI caused
by MS;. While MS, causes excessive CCI to BS;, MS; and
MS; may share chunk (n, k), although both users might be
located near the cell boundary. Thus the uplink benefits from
interference diversity due to the distributed location of mobile
users. As a result, the degradation of performance at the cell
edge at high Iy, in uplink mode is less severe compared to the
downlink.

4.6. Interference Tolerance Signalling via Busy Bursts. With
fixed power BB signalling, the same level of interference
protection is given to all links, disregarding the quality of
the intended link. In case two receivers MS; and MS, with
respective channel gains G; > G, are exposed to the same
interference, as illustrated in Figure 3, the SINR target I is
more likely met for MS, than for MS,. By allowing MS; and
MS, to transmit a BB with variable power, the individual
amount of interference that can be tolerated by MS; and
MS; is signalled to candidate transmitters in adjacent cells.
Exclusion regions of different size are effectively formed
around MS; and MS,, as illustrated in Figure 3.

For busy burst with interference tolerance signalling (BB-
ITS), the objective is that a given SINR target, yx[n, k] = T,
is maintained for an active receiver x. This means that the
maximum allowable interference depends on the intended
link quality R3[n,k]. Let I?°'[n, k] denote the interference
limit, for which the SINR (2) approaches yx[#n, k] = I'. Then
the tolerable interference at receiver x is upper bounded by

R¢[n, k]

I[n,k] < I°'[n, k] = i

- N. (13)
Adjusting the tolerable interference level (13) implies that
larger exclusion regions are formed for links with weak
desired signal levels R4[n, k] and vice versa.

To signal the variable interference tolerance level I [, k]
of a victim receiver x to candidate transmitters y in adjacent
cells, the BB transmit power T2[n,k] is adjusted, such that
the simple threshold test I)t,’[n,k] < Iy in (8) is retained.
Hence no additional information for channel sensing is
required for BB-ITS. The received BB power approaches
a fixed threshold, I;?[n,k] = I, if the CCI approaches

Idnk] = Ink]. Inserting Id[n,k] = I[n,k] and
I3 [n, k] = I, into (6) yields the variable BB power T% [, k] =
T;,i[n,k] - I/ [n, k]. Assuming that T;,i[n,k] is fixed and
denoted by T4, the BB transmit power is adjusted as follows
[23]:

b i [ Tw T
Ty[n,k]—mm (Rg[n,k]/F—N’TmaX , (14)

where TP

ax 1s the maximum BB transmit power. The min
operator ensures that T2[n,k] < Tb,.. Note that when
Rg[n,k]/l“ < N, we get yx[n,k] < TI. In this situation,
the chunk is released and no BB is transmitted. Therefore,
it is ensured that T2[n,k] in (14) always has a positive
value. We note that IP[n,k] = T,'?[n,k] - Gyy[n,k] and
T .« = T;,i[n,k] = T9[n,k]. It can be checked by plugging
(14) into (8) that the threshold test (8) effectively checks
if If[n,k] < I'[n,k], regardless of the threshold used, as
long as the BB transmit power is not clipped. In this paper,
we choose Iy, = —90dBm because the probability of BB
transmit power being clipped was found to be lower than
0.05 for the given deployment scenario with I' = 11.3dB
used. Furthermore, with this threshold, the received BB
at the intended transmitter (the lower bound of which is
approximated by Iy, - I') remains well above the noise floor
—117.8 dBm, such that it can be reliably detected.

4.7. Link Adaptation with BB Signalling. Receiver feedback
based on BB-ITS (see Section 4.6) allows for receiver-driven
link adaptation, where the chosen transmission rate is
adapted to the instantaneous channel conditions. Let M =
{1,...,M} be the set of supported modulation schemes.
Associated to each modulation scheme m € M is an SINR
target I' = I',, that must be achieved to satisfy a given frame
error rate (FER).

Provided that the channel response does not change
between successive frames, changes in I',, may be signalled
from receiver to transmitter through (14), since any fluctua-
tion in received BB power R2[n, k] = Gy[n,k]T2[n, k] is due
to a change of I', in (14). In summary, BB-ITS serves two
important objectives. First, by adjusting the SINR target T,
the receiver implicitly signals to the transmitter through BB-
ITS that the transmission format should be changed; second,
by varying the BB power T2[n,k] in (14), the size of the
exclusion region around the active receiver is adjusted, so
that the required SINR target I, is met in successive frames.

Link adaptation with BB-ITS is carried out in two phases:
the contention phase, where the link is established and the
link adaptation (LA) phase, where the receiver adjusts its
transmission format to the current channel conditions.

Contention Phase. In contention, multiuser chunk allocation
is carried out as described in Section 4.3. To contend for an
unreserved chunk (#, k), transmitter x = (7, q) initially uses
the modulation scheme with the lowest spectral efficiency
my[n,k] = 1. Chunks that satisfy yx[n, k] = I'; are reserved
in the next frame k + 1 by BB signalling (see Section 4.4),
where the transmit power TP (n, k] in (14) is set using' = T';.
Then the transmission proceeds to the link adaptation phase.
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Link Adaptation Phase. The objective of the link adaptation
phase is to select the modulation scheme my[n, k] € M for
chunk (n, k), which yields the highest spectral efficiency, for
which yx[n,k] = Ty, (nk holds. By utilising BB-ITS link,
adaptation is accomplished without any explicit feedback.
The receiver executes the following algorithm.

(1) Calculate the achieved SINR yx[n, k] at chunk (n, k).

(2) Increment the number of bits per symbol based on

yx[n, k]
mx[n’k] + ]-) )’x[n,k] = me[n,k]+l)
my[n, k] < M,
my[n,k+1] = (15)
mx[”>k] -1, Vx[nyk] < rmx[n,k],
my[n, k], otherwise.

(3) If mx[n,k + 1] = 1, adjust the BB power (14) using
the SINR target I' = I, [nk+1) and transmit the BB.

(4) If mg[n,k + 1] < 1, terminate the link adaptation
phase and return to the contention phase.

The transmitter senses the BB minislot associated to chunk
(n,k). In order to determine the modulation scheme
my[n, k+1] requested by the receiver, the transmitter executes
the following algorithm.

(1) Measure the busy signal power received from the
intended data receiver RY[n,k] and compute the
difference to the BB power received from intended
data receiver in the preceding slot, AR = RY[n, k] —

RY[n, k — 1].
(2) The modulation format is adjusted based on AR as
follows:
my[n, k] +1, AR = I;AT,, — &,
myln,k+1] = {mg[n,k] =1, AR<IpAT,—1 +¢,  (16)
my[n, k], otherwise,

where AT, = I'y — Tiua1, m = g0, k]. The constant
& > 0 introduces a detection margin to enhance the
robustness towards estimation errors in ﬁ,‘}[n, k] due
to channel variations and noise.

(3) If my[n,k + 1] = 1, transmit data on chunk (n,k + 1)
using the new modulation scheme i [n, k + 1].

(4) If mx[n,k + 1] < 1, terminate the link adaptation
phase and return to the contention phase.

Estimation errors due to channel variations and noise may
cause detection errors, so that i, [n, k] # myx[n, k]. Mismatch
between the selected modulation schemes at transmitter
and receiver can be mitigated if the transmitter announces
mx[n, k] together with payload data on chunk (#, k).

Manhattan deployment scenario
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FIGURE 4: Manhattan grid urban microcell deployment.

4.8. Benchmark System. Full-frequency reuse with adaptive
score-based chunk allocation (ASCA) is considered as the
benchmark system. This means that neither chunk reserva-
tion nor interference avoidance mechanisms is in place. In
order to maintain a fair comparison, the same fair scheduling
algorithm (3) as in BB-OFDMA is applied. With ASCA, the
score-based scheduler assigns chunk (n,k) to user v whose
score (3) is minimised

aq(n, k] = argmvinsy,q[n,k]. (17)

Chunk allocation for ASCA (17) corresponds to (4) by
setting the reservation indicator to zero, 4[n,k] = 0, and
by allowing a cell to access all chunks, which is achieved by
setting €,4[n, k] = 0 for all n, k in (3).

5. Manhattan Grid Deployment

An urban microcell deployment with a rectangular grid
of streets (Manhattan grid) as defined in scenario Bl in
WINNER [17] is considered, where antennas are mounted
below the rooftop. The deployment scenario consists of
building blocks of dimensions 200 m x 200m, interlaced
with the streets of width 30 m, forming a regular structure
called the Manhattan grid, as shown in Figure 4. The network
consists of 11 X 12 building blocks (72 BSs). However, the
performance statistics are collected only over the central core
of 3 X 3 building blocks (6 BSs), so as to reduce edge effects.
On average U = 10 MSs are served by one cell, uniformly
distributed in the streets and moving with a constant velocity
of 5km/h. BSs are placed in the middle of the street
canyons with an inter-BS distance of 4 building blocks, as
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depicted in Figure 4. Distance dependent path loss, log-
normal shadowing, and frequency selective fading are taken
into account, as specified in [24], channel model B1. While
the effect of user mobility on the channel response due to
the Doppler effect is taken into account, movement of users
along the streets is not considered during the duration of one
snapshot. Links where transmitter and receiver are located on
the same street are modelled as line-of-sight (LoS) channels,
with significantly lower path loss attenuation than nonline-
of-sight (NLoS) links [24]. WINNER channel models B1-
LOS and B1-NLOS [24] are used to model the LoS and
NLoS channels, respectively. MSs are connected to the BS
with the least path loss. A network synchronised in time and
frequency is assumed.

The traffic in the system is modeled as a burst of
100 protocol data units (PDUs) whose interarrival time is
exponentially distributed. A PDU of 112bit is assumed,
which is the smallest unit of data that can be transmitted in
one chunk. The average offered load per user L, is adjusted
by the interburst duration. It is considered that the arrival
times for different users are independent. The maximum
number of chunks that a user can be assigned in a given
slot is the total number of available chunks in a frame. The
simulation parameters are summarised in Table 1.

A 3/4-rate convolutional code and the SINR targets 'y,
for a given modulation scheme m are selected to attain a
packet error ratio of 1072 per PDU, given in Table 2. For non-
adaptive modulation, we consider a 16-QAM constellation
with m = 4 and a corresponding SINR target of I'y = 11.3 dB.
For link adaptation, the modulation schemes m € M are
chosen based on the achieved SINR targets I',,.

6. Results and Discussion

The performance of BB-OFDMA and the benchmark system
(ASCA) are evaluated in terms of user and system through-
put. User throughput is defined as the number of successfully
received bits per user per unit time. A transmission is
considered successful if the SINR target I' is met at the
receiver. The system throughput is defined as the aggregate
throughput of all users per cell.

6.1. Collisions Based on Access Probability. The likelihood of
achieving the SINR target during the initial access in con-
tention is depicted in Figure 5 for m = 4 with Iy = 11.3dB,
where m is the number of bits per symbol. The cell-edge
region suffers from collisions (SINR target not met) both
in the uplink (Figure 5(a)) and the downlink (Figure 5(b)).
Decreasing the access probability p substantially reduces the
occurrence of collisions, since the probability of simultane-
ous access of chunks in contention reduces (see Section 4.3).
In the downlink, cell-edge users suffer from weaker desired
signal power and at the same time experience strong CCI.
Furthermore, the users located at the street crossings at d =
115m are exposed to strong LoS interference from BSs in
the perpendicular streets. In the uplink, however, these users
cause CCI to the neighbouring cells; which may impact either
users at the cell-edge or users closer to the intended BS.

TasBLE 1: Simulation parameters.

Parameters Value
Carrier centre frequency 3.95GHz
System bandwidth B 89.84 MHz
No. of subcarriers (SCs) 1840
Subcarriers spacing A f 48.8 kHz
OFDM symbols/frame 2#,; 30
OFDM symbol duration Ty, 22.48 us
Frame duration 0.6912 ms
No. of chunks/frame N¢ 230
Chunk size 1, X 1145 8 (freq.) x 15 (time) = 120
PDU size 112 bits
Access probability p 0.3

No. of sectors/cell 1

No. of users/cell U 10

Tx power/chunk T4 16.4 dBm
Antenna gain 0dBi
Noise level/chunk N —117.8 dBm
No. of snapshots 500
Snapshot duration 75ms
User load L, 30 Mbps

TasLE 2: Look up table for modulation scheme.

Modulation, No. of link PDUs per slot Achieved SINR y (dB)
No transmission m = 0 —0<y<22
BPSK m = 1 22<y<52
QPSK m = 2 52<y<9.1
Cross 8-QAM m = 3 91<y<113
16-QAM m = 4 113 <y< 144
Cross 32-QAM m = 5 144 <y<16.6
64-QAM m =6 16.6 <y <195
Cross 128-QAM m = 7 195 <y <225
256-QAM m = 8 225<y<o

Consequently, the SINR target is met with less likelihood
at street crossings and the cell edge in the downlink mode
compared to the uplink mode.

6.2. Setting the Threshold for Fixed Power BB Signalling. The
impact of the choice of interference threshold on the mean
system throughput is shown in Figure 6 for fixed 16-QAM
modulation with m = 4. It is seen that for lower values
of Iy, the amount of allocated resources (Set 4) and the
achieved throughput (Set 8B) are approximately equal. This
is because at low Iy, larger exclusion regions around active
receivers are enforced. Thus, CCI is mitigated at the expense
of spatial reuse. By increasing Iy, the system throughput
gradually improves until the maximum is reached. However,
increasing Iy, introduces additional links that cause more
CCI to the existing links. As a result, some of the links
(mainly cell-edge users) are less likely to meet the SINR
target. Although it is desirable to maximise the spectral
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FIGURE 5: Probability of meeting the SINR target I' = 11.3dB
in contention for different access probabilities p, as a function
of the BS-MS distance d. At d = 115m, links are exposed to
strong LOS interference from cells in perpendicular streets, which
causes collisions in the downlink, while at d = 345 m, the MSs are
connected to BSs in a perpendicular street due to better channel
gains.

efficiency, it may be necessary to maintain a fair distribution
of resources to all users. Achieving a balance between
maximising spectral efficiency and enhancing fairness is
addressed in Section 6.3.

6.3. Impact of Interference Threshold on Fairness. Figure 7
shows the average user throughput versus distance d from
the serving BS. It is observed that the performance of
BB-OFDMA is sensitive to the chosen threshold I,. The
system throughput is maximised for I, = —75dBm in the
downlink and for —85dBm in the uplink (see Figure 6).
However, these thresholds severely affect cell-edge user
throughput. Increasing interference protection by lowering
I, enhances user throughput at the cell edge at the expense
of system throughput. In the uplink (Figure 7(a)), the cell
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FIGURE 6: Mean system throughput versus I, for BB-OFDMA with
16-QAM modulation using fixed BB transmit power. The mean
system throughput is maximised for I, = —85dBm in the UL and
I, = —75dBm in the DL.

edge throughput (measured at d = 420 m from the desired
BS) improves from 1.5 Mbps (I, = —85dBm) to 3.08 Mbps
(Im = -95dBm), an approximately onefold increase,
whereas in the downlink (Figure 7(b)), user throughput
increases from 267kbps (I, = —75dBm) to 2.9 Mbps
(Im = —90dBm), an approximately tenfold increase. At
d = 115m, MSs are exposed to LOS interference from BSs
in perpendicular streets in the downlink. Consequently, high
CCI compromises throughput for these users. In the uplink,
MSs located at street crossings at d = 115 m transmit, so that
these users are not exposed to LOS interference. Hence the
uplink throughput of ASCA is not affected at d = 115m.
For BB-OFDMA, however, MSs located at street crossings
are exposed to strong BB signals from BSs in perpendicular
streets, which reduces the number of chunks such users can
compete for, causing a drop of throughput for users located
at street crossings.

Fairness is numerically quantified using Jain’s fairness
index (12). The cdf of the fairness distribution is presented in
Figure 8(a) for the uplink and Figure 8(b) for the downlink.
Applying the interference threshold that maximises system
throughput, I, = —75 dBm in the downlink and —85 dBm in
the uplink, results in median fairness index of F = 0.56 and
0.66, respectively. Increasing the interference protection by
lowering Iy, improves fairness, as this enables cell-edge users
to meet their SINR target. To this end, using Iy, = —95dBm
in the uplink and —90 dBm in the downlink, approximately
22% of system throughput, is traded off for median fairness
indices of F =~ 0.72. In the uplink, the median fairness index
can be further improved to 0.78 by setting I, = —100 dBm.
However, the improved fairness significantly degrades system
throughput (see Figure 6).

On the other hand, with BB-ITS, median fairness indices
of ~0.7 are achieved. The corresponding average uplink
and downlink user throughputs at the cell edge amount to
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FIGURE 7: Mean user throughput versus distance from the serving
BS, d, for BB-OFDMA with 16-QAM modulation for differ-
ent interference thresholds Iy. For comparison, results for full-
frequency reuse without interference protection termed ASCA are
also included. Note that at d = 115m, links are exposed to strong
LOS interference (data in downlink, BB in uplink) from cells in
perpendicular streets, which compromises throughput, while atd =
345 m, the MSs are connected to the BS in a perpendicular street due
to better channel gains.

2.57 Mbps and 2.99 Mbps, respectively. The corresponding
reduction in system throughput compared to the respective
optimal thresholds with fixed power BB is only 1% in the
uplink and 8% in the downlink. Note that BB-OFDMA
with fixed BB power requires a 22% reduction in system
throughput for a comparable performance at the cell edge.
In light of this, BB-ITS results in a better tradeoff between
system throughput and fairness.

For comparison, the median fairness resulting from
ASCA is F = 0.79 in the uplink and 0.59 in the downlink.
The corresponding average user throughputs at the cell edge
are 2.278 Mbps and 208 kbps, respectively. This means that
ASCA is more fair in the uplink compared to the downlink.
The reason is that in the downlink cell-edge users are
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FiGure 8: Cumulative distributive function (cdf) of Jain’s fairness
index (12) for BB-OFDMA compared to full-frequency reuse with-
out interference avoidance (ASCA) both with 16-QAM modulation.

exposed to high CCI, while in the uplink cell-edge users
cause high CCI to adjacent cells. Hence the detrimental
effects of interference on the uplink tend to be more equally
distributed among all users.

6.4. Comparison between BB-OFDMA and ASCA. Figures
9(a)-9(d) depict the cumulative distribution function (cdf)
of the user throughput and the system throughput. The
results shown in Figures 9(a)-9(b) demonstrate that BB-
enabled interference avoidance exhibits a gain in median
system throughput of up to 50% compared to ASCA, both
in uplink and downlink. Using a modulation format of m =
4bits per symbol and a 3/4-rate convolutional code, the
upper bound on system throughput achieved in an isolated
cell (CCI free system) is 111.8 Mbps. With Iy, = —85 dBm in
the uplink and —75 dBm in the downlink, a median system
throughput of about 90% and 85% of the upper bound (CCI
free system) is achieved.

Figures 9(c)-9(d) show the cdf of the user throughput
for BB-OFDMA and ASCA. When fairness is the primary
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F1Gure 9: Cumulative distributive function (cdf) of system throughput and user throughput for BB-OFDMA with fixed BB power and BB-
ITS. The performance for full-frequency reuse without interference protection termed ASCA is included for comparison. BB-ITS results in
a favourable tradeoff between fairness and system throughput both in uplink and downlink.

concern, Iy, = —95dBm in the uplink and Iy, = —90dBm
in the downlink are preferable. Then the 10%-ile of the
achieved user throughput amounts to 1.48 Mbps in the
uplink (see Figure 9(c)) and 1.42 Mbps in the downlink (see
Figure 9(d)). In contrast, ASCA fails to deliver any downlink
throughput to more than 20% of the users. In the uplink, the
10%-ile of the user throughput of BB-OFDMA is improved
by 40% compared to ASCA. With these uplink and downlink
thresholds of I, = —95dBm and —90dBm, the median
system throughput of BB-OFDMA is still 15% and 18%
higher than that achieved with ASCA (see Figures 9(a)-9(b)).

The results of BB-OFDMA with variable BB power,
termed BB-ITS, are also included in Figures 9(a)-9(d). With
BB-ITS, the lower 10%-ile of user throughput achieved is
1.04 Mbps in uplink and 1.416 Mbps in downlink (see Fig-
ures 9(c)-9(d)), at a modest degradation in system through-
put (see Figures 9(a)-9(b)) compared to BB-OFDMA
with fixed threshold that maximises the respective system
throughput. BB-ITS, therefore, not only avoids the need for
tuning the interference threshold so as to match a certain
interference scenario (e.g., in uplink or downlink), but
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also achieves a preferable compromise between maximising
system throughput and maintaining fairness.

6.5. Link Adaptation with BB-Signalling. Figures 10(a)-10(b)
compare the system and user throughput achieved by per-
forming link adaptation (LA) with BB-ITS and ASCA. Both
BB-ITS and ASCA utilise the same link adaptation algorithm
presented in Section 4.7; the only difference is that for ASCA
interference protection is omitted. The results shown in
Figure 10(a) reveal that BB-ITS with link adaptation attains
an improvement of 50% (uplink) and 13% (downlink) in
median system throughput compared to ASCA with link
adaptation. Furthermore, Figure 10(b) shows that the BB-
ITS outperforms ASCA by a factor of 2.75 in terms of the
lower 10%-ile of the downlink user throughput. On the other
hand, the cell-edge user throughput of BB-ITS and ASCA
in the UL is comparable, while significant improvements of
up to 70% are observed for higher percentiles of the user
throughput in Figure 10(b).

By performing link adaptation with BB-ITS, the cell-edge
users benefit in the downlink, whereas the users that are
closer to their desired BS benefit in the uplink. The reason
for this opposite trend for the uplink and the downlink
is elaborated in the following. Due to the specific point-
to-multipoint structure in the downlink, the CCI observed
by the cell-edge users is dominated by the interference
originating from the closest BS. When a chunk is assigned
to a cell-edge user in the downlink, interference tolerance
signalling enforces that this chunk cannot be spatially reused
by the closest BS in an adjacent cell. By ensuring that, this
dominant interferer does not access this chunk, the achieved
SINR is greatly improved, potentially enough to meet the
higher SINR target(s), thus allowing for the higher-order
modulation schemes. In the uplink, on the other hand, the

chunks assigned to the cell-edge users are more likely to be
reused in the adjacent cells due to the distributed location of
the MSs transmitters (see Section 4.5). Consequently, it is less
likely that a more spectrally efficient modulation scheme can
be used by the cell-edge users. Furthermore, in the uplink,
the distance between the MSs (transmitters) and the victim
BSs (receivers) in neighbouring cells is larger for the cell-
centre MSs than the cell-edge users. Hence the cell-centre
users are more likely to be located outside the exclusion range
of BSs receivers (BB transmitters). This results in a larger
number of chunks that are available to be spatially reused
for the cell-centre users. Lastly, the cell-centre users also
benefit from higher SINRs as a result of which throughput
is particularly boosted by performing link adaptation.

7. Conclusions

In this paper, the busy signal concept for decentralised and
self-organised interference aware medium access has been
applied to OFDMA-TDD systems operated in Manhattan
grid deployment scenarios. An exclusion zone around victim
receivers is established by means of receiver feedback in the
form of time-multiplexed busy bursts (BBs), wherein no
active transmitter from an adjacent cell may be located. BB
enabled interference avoidance exhibits impressive gains in
system and user throughputs compared to the benchmark
system, with full-frequency reuse without interference avoid-
ance, both in the uplink and the downlink. The impact
of the BB specific threshold parameter that controls the
interference imposed on coexisting links in neighbouring
cells has been studied.

By adjusting this threshold parameter, the system benefits
from flexible operation of either achieving high system
throughput or enhanced fairness in terms of cell-edge



EURASIP Journal on Wireless Communications and Networking

user throughput. A onefold (uplink) and tenfold (down-
link) improvement in average cell-edge user throughput
is achieved at a reduction in system throughput of about
22% (~20 Mbps/cell) in both cases. BB-enabled interference
avoidance is therefore particularly powerful in enhancing
downlink cell-edge user throughput, since in the downlink
high interference is coupled with low-desired signal levels,
resulting in poor average SINRs at the cell edge. In the uplink,
on the other hand, cell-edge users cause high CCI, so that
the detrimental effects of uplink interference are distributed
more equally among all users, giving rise to interference
diversity.

By allowing each receiver to signal the amount of
interference it can tolerate, by using a variable busy burst
power, an even better tradeoff between system throughput
and fairness is achieved. Especially in the downlink, a tenfold
improvement has been achieved at the cost of only 8%
reduction in maximum system throughput. Furthermore,
this scheme also alleviates the need to adjust the BB threshold
parameter. The latter property is particularly important for
self-organising wireless networks, as the optimum choice
of the BB threshold is sensitive to changes in the network
topology, and may not be known a priori.

Finally, link adaptation has been combined with busy
burst-enabled interference avoidance, where changes in the
transmission format are implicitly signalled to the trans-
mitter by virtue of a variable BB power. BB signalling
with link adaptation attained a superior performance than
the benchmark system with link adaptation, both in terms
of system throughput and user throughput. Due to the
particular interference scenario, the cell-edge users achieved
larger gains in the downlink whereas the cell-centre users
benefitted more in the uplink. Consequently, larger gains
in system throughput in the uplink mode were achieved
compared to the gains achieved in the downlink mode.
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