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ABSTRACT

In TDMA-based point-to-multipoint rural wireless deploy-
ments, co-located base station radios and sector antennas
are used to increase base station capacity. To achieve max-
imum capacity with limited availability of non-overlapping
wireless channels, we need to operate as many radios as pos-
sible from different sectors on the same channel. However,
operating co-located radios on the same channel can result in
substantial interference especially with the current practice
of operating all radios at maximum power. We investigate
techniques that increase network throughput by eliminating
this interference.

To this end we formulate an LP optimization problem
that maximizes throughput by computing optimal transmit
schedules, optimal allocation of clients to base station ra-
dios, and optimal radio power levels. Our results suggest
that there is a large gap between currently-used and optimal
strategies, creating opportunities for simple, practical algo-
rithms to address these issues. Our techniques are equally
applicable to both WiFi based networks as well as other
point-to-multipoint technologies such as WiMax.

Categories and Subject Descriptors

C.2.1 [Computer Systems Organization|: Computer-
Communication Networks— Network Architecture and De-
sign

General Terms

Performance, Design
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1. INTRODUCTION

Wireless technologies are the most promising options to
bridge the wide connectivity gap between industrialized
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Figure 1: Example of a WiF'i rural network featuring
a combination of long-distance backhaul links and
medium-range point-to-multipoint access links.

nations and developing regions, particularly rural areas.
Due to its cost-effectiveness, IEEE 802.11 [5] (WiF1i) tech-
nology has seen widespread use beyond its originally in-
tended purpose of short-range indoor networks. Given the
sparse distribution of potential users in rural areas, WiFi
has been modified by 2P [II] and WiLDNet [9] to work
in medium- to long-distance point-to-point settings. Addi-
tionally, there is ongoing work such as SRAWAN [12] and
WiFiRe [I0] that are modifying WiFi to be higher perform-
ing in medium- to long-distance point-to-multipoint settings
as well. Another promising technology in this context is
IEEE 802.16 [6] (WiMAX), providing medium-range point-
to-multipoint connectivity in denser urban areas.

In the midst of all this innovation, and with growing real-
world rural deployments [I}, 2] [l [7], we are seeing the emer-
gence of a practical cost-effective deployment model: a com-
bination of high-bandwidth, long-distance point-to-point (5-
50 km) backhaul links connecting cities and villages, and
point-to-multipoint access links (upto 20 km) distributing
the connectivity to smaller locations such as schools, hos-
pitals and kiosks with static clients (example network illus-
trated in Figure [[). The Akshaya network [2] in southern
India and the AirJaldi network [I] are real examples of such
networks. Often, the clients of these point-to-multipoint net-
works such as schools and kiosks further share the connec-
tivity locally using WiFi or ethernet.

In this paper, we explore the design challenges for the



point-to-multipoint component of rural wireless networks
where each base-station provides high bandwidth access to
multiple static clients. A key challenge in such point-to-
multipoint access networks is to provide high bandwidth ser-
vices to a large number of clients. We require high bandwidth
not only for connecting to the Internet but also for services
such as video-conferencing for tele-medicine and remote ed-
ucation. With tall communication towers being a dominant
cost factor [§], serving many clients with few communica-
tion towers is essential. For example, in Akshaya [2], one of
the largest rural wireless networks in the world, the ratio of
clients to each base-station is between 10 and 40. This model
decreases network deployment costs, but also decreases the
throughput delivered to each client.

The standard approach taken by network operators is to in-
crease base-station capacity by sectorization: the co-location
of multiple base-station radios on the same tower, and the
use of multiple sector antennas, one for each radio. With K
non-overlapping wireless channels and S sectors, the max-
imum theoretical capacity of a base-station scales up as
K x S. This implies that for each channel, we need to op-
erate S base-station radios, one each for all the S sectors.
Operating all these S radios on the same channel can result
in interference at both the base-station and the clients. This
is because base-station radios typically operate at maximum
power by default. So while the isolation provided by sector
antennas prevents interference for some clients, other clients
remain affected by it. Moreover, given the fixed placement
of clients, the same set of clients will continue to suffer from
the interference effects, making the service unfair.

In this paper we specifically investigate the use of adap-
tive power control to address the problem of interference for
all the base-station radios that operate on the same chan-
nel. Our techniques are complementary to other design chal-
lenges in scaling up base-station capacity - such as reducing
the cost of installation and maintenance of antennas by com-
bining multiple radios on to a single antenna. Our work is
also orthogonal to the lower level design of current long-
distance MACs; we require only a TDMA-based slot sched-
uleﬂ as well as the ability to synchronize time slots among
co-located radios. Such features are already supported by
or can be easily added to the approaches listed previously
(WiMax, WiFiRe, SRAWAN, 2P, WiLD).

Our objective is to maximize the total network bandwidth,
while satisfying all the per-client minimum bandwidth con-
straints. To achieve this, we frame our problem as an LP
optimization problem, and compute an optimal combina-
tion of a) client to base-station allocation, b) link transmis-
sion schedule and c¢) radio transmit powers. We also quantify
the importance of performing power control by comparing
the maximum bandwidth achievable with or without this
feature.

Our evaluations assume realistic antenna patterns and sig-
nal propagation characteristics, and indicate that techniques
performing smart transmission scheduling and power control
have the potential to substantially increase the number of
clients that can be accommodated, and also the total net-
work bandwidth. Our results motivate the need to investi-

'"Due to long propagation delays and the use of directional or sec-
tor antennas, a carrier-sense approach to medium access control —
the preferred approach for short-range wireless — is inefficient. In-
stead, the majority of long-distance MACs (2P, WiLDNet, WiFiRe,
SRAWAN, WiMax) are TDMA-based.

gate practical point-to-multipoint approaches that can make
use of techniques similar to the ones presented here.

The remainder of the paper is structured as follows: in sec-
tion [2] we present our motivation; in section [l we discuss the
assumptions made about the point-to-multipoint network
and the requirements of the MAC layer. We also describe
the various power control strategies that we consider. Next
we present our LP formulation in section [] and our evalu-
ation results in section We conclude and present future
work in section

2. MOTIVATION

In this section we motivate the need for using adaptive
power control to improve spatial reuse for single channel
settings of point-to-multipoint networks. The use of multiple
radios with sectorised antennas at the base-stations, sharing
a single channel can introduce interference, which can be of
one of the following types:

Rx-Tx interference at base-station: When a base-
station radio, say R, receives a packet from a client, while
another base-station radio, R, at the same tower is sending
a packet, interference can occur at the base-station radio,
R, which is trying to receive packets. Due to imperfections
in the directional characteristics of the sector antennas (side
lobes), R, can easily overhear R,’s transmissions, and this
almost always results in the corruption or capture of the
packet being received at R,.

Tx-Tx interference at a subscriber: When client ¢; can
simultaneously hear transmissions from two different base-
station radios (out of which only one packet is intended
for ¢;), interference occurs if the transmissions have sim-
ilar signal strengths. By similar signal strengths we mean
that the signal difference is less than an isolation threshold.
For Atheros based WiFi radios, we have experimentally de-
termined this isolation threshold to be approximately 12dB
in past work [I3] .

Rx-Rx interference at base-station: This is symmet-
ric to the previous case, but now the interference occurs at
base-station radio R, due to conflicting transmissions from
two subscribers ¢; and ¢;. Again, a large enough isolation
between these two transmissions is required to avoid inter-
ference.

Of these three types of interference, the first type (Rx-Tx)
is difficult to handle when using sector antennas, and most
existing TDMA-based solutions [I1] [9] disallow the situa-
tion itself by synchronizing co-located radios such that they
either all transmit simultaneously, or they all receive simul-
taneously. We therefore look at the remaining types of in-
terference, and propose solutions to address them.

Let us begin by analyzing one of these types of interference
(Tx-Tx) in an example scenario featuring three base-station
radios, each connected to a sector antenna; we assume these
radios are synchronized as described above. Figure [2] shows
the polar propagation plot of the base-station radios with
their antennas, in the default case (used in current deploy-
ments) when they all transmit at maximum power. The
propagation region of each antenna is defined as the region
where the received signal strength is higher than the receive
signal threshold T'h,;, over which a client can successfully
receive the packet. For example, clients c1, c2, ¢3 and ¢4 fall
in the receive lobe corresponding to radio Ri. However, if all
the radios are transmitting at the same time, a few clients



Figure 2: Basestation with 3 radios and 12 clients.
All radios are using maximum power. Clients c4,cs,c9
are in a region with potential interference.

Figure 3: Basestation with 3 radios and 12 clients.
While radio R; is using maximum power, radios R»
and R3 are using power control to reduce interfer-
ence. Clients c4,cs,c9 are now in interference-safe re-
gions.

like ¢4, cs and cg will fall in the intersection of the antenna
receive lobes of two neighboring radios. At these clients, Tx-
Tx interference can occur if the signal strength difference
between the primary radio and the interfering radio is lower
than the isolation threshold (Thcap). The set of clients that
can receive a clean signal from a radio is referred to as the
safe set of the radio. Thus, when radio R; is transmitting,
it’s safe set consists of the clients c¢1, c2 and cs.

One way to eliminate interference and ensure that the min-
imum isolation threshold is achieved is to change the trans-
mit power at the base-stations. For example, if we want to
eliminate interference at clients cg and cyg, we can reduce
the transmit power of the radio Rs, such that clients cs and
c9 now fall only into the receive region of radio R2. On the
other hand, now radio R3 cannot reach clients ci11 and ci2
any longer (Figure [3)).

Thus the problem of minimizing Tx-Tx interference (or
maximizing the number of clients that receive), can be
framed as finding the optimal radio power levels, and the op-
timal allocation of clients to base-station radios, such that
it enables the base-station to serve the most clients. The
power levels and client allocation could be fixed, or they
could change during every time slot, with the latter approach
providing additional gains. The solution to this problem can
then be used to regulate transmissions during the time slots
in which the base-station radios transmit to clients.

The problem of minimizing Rx-Rx interference is very simi-
lar, and entails finding optimal transmit power levels for the
client radios, together with optimal client allocation, that
would enable the most clients to transmit successfully to
the base-station. The solution to this optimization problem
would be used during the slots when the base-station re-
ceives packets from clients.

3. ASSUMPTIONS AND STRATEGIES

In this section we describe our assumptions of the point-
to-multipoint setup and MAC-layer requirements, and then
present different strategies to improve spatial use.

3.1 Assumptions

A base-station has multiple co-located radios, each con-
nected to a sector antenna. As mentioned earlier, we are
specifically interested in the situation where all these ra-
dios are operating on the same channel. If additional non-
overlapping channels are available, additional radios could
also be used, however we would still like all the radios on a
particular channel to operate simultaneously.

Fixed clients are situated upto 20 km away and have di-
rectional antennas pointing to the base-station. Time is di-
vided into downlink and uplink slots for base-station and
client transmissions respectively. Base stations can synchro-
nize transmissions and receptions among all their radios. All
client traffic flows via the base-station to the outside world.
Each client has a simple interference model where the differ-
ence in received signal strengths must be greater than the
isolation threshold (T'hcap), which we set to be 20dB.

3.2 Point-to-Multipoint Strategies

The different possible strategies for power control are de-
scribed here as we increase the degree of freedoms in con-
trolling the base-station radios.

Always mazimum power (F-MAX): The base-station radios
always transmit at the fixed and maximum power setting
in all slots. This could be very inefficient as there could be
many clients that can never be in the safe set of any of the
radios in any slot.

Greedy scheduling with mazimum power (G-MAX): The
base-station s use a greedy algorithm to coordinate with
each other and select a set of M clients for each slot, where
M is the number of base-station radios. For each slot in a pe-
riod, the strategy first tries to allocate a set of clients whose
bandwidth bounds have not been satisfied. Other radios that
are not allocated any client are switched OFF.

Optimal mazimum power allocation (O-MAX): All the base-
station radios can only be set to the maximum power setting
or are switched OFF during a slot. We find the best possible
allocation of clients to radios for each slot in a period so that
we satisfy the bandwidth bounds for each client.

Optimal fized power allocation (O-FIXED): All the base-
station radios and clients have a fixed power setting which
is determined to be the optimal power setting for the best
possible allocation of clients to radios.

Optimal dynamic power allocation (O-DYN): All the base-
station radios can change their transmit power in every slot.
These power settings and the allocation of clients to radios
in each slot is optimally decided every slot.



4. OPTIMAL LP FORMULATIONS

We define RS; as the set of clients at which the received
power from radio j is above the receive power threshold
(Thrz). IS; is the set of clients where the difference between
the power from radio j and the other neighboring radios is
less than the capture threshold (T'hcqp), i.e. it is the set of
clients which do not receive successfully from radio j due to
interference. Then the safe setis RS; — I.S;.

The aim of the optimal formulation is to select for each ra-
dio, R;, one client ¢; from its safe set at every slot such that
we satisfy the minimum bandwidth requirement for each
client over the whole period. This problem can be formu-
lated as a mixed integer LP problem.

Definitions:

Set of clients: C' = (c1,¢2...cn)

Set of radios: R = (R1, R2...Rnr)

Set of slots: S = (s1,s2...5p)

Path loss between client ¢; and radio R;: L;;
Maximum transmit power for a radio or client: Pqx
Sum of antenna gain between client ¢; and radio R;: G
Receive power threshold: Th,

Capture threshold: Thcqp

Minimum BW limit for a client: BWin

Large constant: P, ¢

Variables:

X7;, binary variable that is 1 iff ¢; is in the safe set of radio

R; in the sth downlink slot.
PD3, transmit gain of radio R; in the sth slot.
PU3;, transmit gain of client ¢; in the sth slot.

Objective Functions: Maximize the total bandwidth over
all the slots such that all the clients satisfy a minimum band-
width requirement.

N P M

MaximizeZZZij (1)

i=1 s=1j=1
Subject to:
PD; + G — Lij > Thys + Pinf(ij — 1)
Vs € S,Ve; € C,VR; € R (2)
(PD}s — L»;j) — (PDZ — sz) >
Theap + Ping (X;g -1)
Vs € S,Ve; € C,VR;, R, € Rand j # k (3)

M
> X5 <1, VaeCVseS (4)
j=1
N
> X5 <1,VR;€RVs€S (5)
=1
0 < PD; < Pras VR; € RVs € S (6)
P M
s=1j=1

Equation [2] enforces the condition that the client selected
for a slot has a receive power above the receive threshold.
Equation Bl enforces the condition that every selected client

can capture the transmission from the corresponding radio
without interference. Equation [ ensures that every client
is included in the safe set of exactly one radio. Equation
ensures that each radio is sending to only one client in each
slot. Equation [6l enforces the maximum power constraint for
each radio. Finally, Equation [7] ensures that the bandwidth
of each client is at least more than the minimum bound.

If there is no feasible solution that satisfies all the clients,
we fold back to solving a different LP optimization, that
has as an objective the maximization of the total number
of clients for which the minimum bandwidth constraint is
satisfied. For this we introduce an additional binary variable
Z;, that is 1 iff the total bandwidth of client ¢; over all the
slots is greater than BWy,n. Then, our new optimization
function becomes:

N
Maximize Z Z; (8)

i=1

,and condition [1 (which proved to be unsatisfiable) is now
replaced with the following:

P M
>N X3 = BWainZi Ve € C 9)

s=1j=1

Equation [ ensures that the binary variable Z; is set to
one iff client ¢; satisifies its bandwidth requirement over all
the slots.

To constrain the power output of the radios according to
various power control strategies discussed in section [3.2] we
add further constraints.

Always Maximum power (F-MAX): Since each radio is al-
ways set to the maximum power, the additional constraint

(Eq.[I0) is :
PD; = P Vs€S,VR; €R (10)

Optimal mazimum power (O-MAX): Here each radio can
only be set to the maximum power setting, but we also have
the choice of switching off a radio in a slot. We need an ad-
ditional constraint (Eq. ) to enforce this. This constraint
can be transformed into linear constraints by using addi-
tional binary variables.

PD5 = Ppa. iff Rj is ON (11)
0iff R; is OFF
Vs € S,VR; € R

Optimal fized power (O-FIXED): Now each radio’s power
output is fixed for all the slots. However, we still have the
choice of switching off a radio in a slot. We add another
constraint (Eq.[I2]) that can be transformed into linear con-
straints by using additional binary variables.

PD; = PDjiff R; is ON (12)
= 0iff R; is OFF
Vs e S,VR; € R
Optimal dynamic power (O-DYN): Each radio can change

its power in every slot. Equation [Blsuffices and no additional
constraints are required.



Receive power constraints: In practice, we can also use
similar power control strategies for uplink slots from the
clients to the radios. In this case, we have to ensure that the
signal from the selected client is not drowned out by other
clients at the radio. We can add additional constraints to
the LP formulation by including an additional set of uplink
slots (same as the number of downlink slots). We will need
an analogous set of variables (Y;}) to specify whether a client
uses an uplink slot to a radio. The new capture constraint
is shown in equations [[3] and [[4] We have not included the
full set of equations due to space constraints.

PU; +G — Lij > Thya + Pins (Y — 1)

Vs € S,Ve; € C,VR; € R (13)
(PU; — Lij) — (PUy — Lij) >

Thcap + Pinf (Yzj - 1)

Vs € S,VR; € R,Vc¢i,c, € C and i #k (14)

Steerable Antennas: With electronically steerable anten-
nas, we have more degrees of freedom for various antenna
configuration parameters. To simplify analysis, we discretize
the steerable antenna configuration: there are D directions
(0 to 360 degrees) and L types of lobe patterns (sizes). Now
we have to define the path loss for each configuration from
each radio to each client. Let the path loss from client ¢;
from radio R; in the antenna configuration with direction
D, and lobe size Lq be LY. We also define T}, binary
variable that is 1 iff R, is in configuration with direction D,
and lobe size L, in the sth downlink slot. Then the loss on
the path can be expressed as an additional linear constraint
as equation [[8l Finally we have to ensure that each antenna
has exactly one configuration in every slot (equation [I6).

D L
PR S ST 5)
p=1g=1

Ve; € C,Rj € RyDp € D,Lge L,s€S

D L
Sy

p=1gq=1

S. EVALUATION AND METHODOLOGY

In this section, we present some preliminary evaluation of
the various point-to-multipoint strategies presented in Sec-
tion [3.2] for selected topologies. The objective is to quantify
the gap between the naive strategies and the smarter op-
timal strategies which will enable us to look for practical
implementations of the optimal strategies.

To that end, we first compare the different strategies in
terms of the maximum possible bandwidth achievable while
satisfying the minimum bandwidth constraints of all the
clients in the network. In case if it is not possible to sat-
isfy the constraints of all the clients, we try to maximize the
total number of clients whose constraint can be satisfied.

We evaluate the following scheduling strategies: 1) Always
maximum power (F-MAX), 2) Greedy scheduling with max-
imum power (G-MAX), 3) Optimal scheduling with max-
imum power (O-MAX), 4) Optimal scheduling with fixed
power (O-FIXED) and 5) Optimal scheduling with dynamic
power (O-DYN).

1 VD,eD,LyeL,seS (16)

5.1 Methodology

Topology generation: We randomly place clients at a range of
1 — 20 km from the base station within an angular coverage
of 180 degrees.

Radio antenna pattern: We place three radios at the base
station. The radios are connected to fixed antennas that are
placed at an equidistant angular separation. The maximum
power of each radio is set t0 Praz = 23 dBm (200 mW). The
antenna gains of the base station antennas and the client-
side antennas are assumed to be 18 dBi at 2.4GHz. The
capture threshold is set to Theap = 20 dB which is conser-
vatively set with respect to measurements conducted by us
previously [I3]. The antenna lobe size is selected such that
roughly one-third of the clients are reachable by more than
one radio.

Mixed Integer Linear Program (MILP) solving: We formu-
late all the point-to-multipoint scheduling strategies except
the greedy scheduling as MILP problems (Section H]). We
solve the optimization for a fixed number of slots (referred
to as a period) which gives us a periodic schedule. We set
the number of slots in a period to be equal to the number of
clients. This is to ensure that it is always possible to find a
schedule where each client is served at least once during the
entire period. This also bounds the maximum delay of each
client to the number of slots in the period.

We then use the CPLEX LP solver [4] to optimize the
mixed integer LP formulations. We use a maximum time
limit of 600 seconds to find optimal solutions; this was gen-
erally sufficient in most cases.

5.2 Evaluation

160 160

® O-DYN ® O-DYN
120 {* O-FIXED 120 {* O-FIXED ]
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Figure 4: Maximum bandwidth with increasing
clients. The naive maximum power strategies (F-
MAX) did not find any feasible solution. For 3 ra-
dios.

Mazimum overall bandwidth: We first compare the strategies
in terms of the total bandwidth while satisfying all client
constraints. Figures nd show the maximum band-
width achieved by the different algorithms for bandwidth
constraint of 1 slot per period (50 slots) and 2 slots per
period (50 slots) respectively as we increase the number of
clients in the network. None of the strategies were able to
achieve perfect scheduling of 3 slots per period for all the
clients (50 slots and 3 radios). The F-MAXstrategy was not
able to find any feasible solution that satisfied all clients
even for the smallest constraint. The greedy strategy (G-
MAX), was only able to find feasible solutions for larger
topologies (clients > 30) where there is more flexibility to
choose slots. The optimal scheduling strategies (O-MAX,
O-FIXED, O-DYN) were able to satisfy all clients but there



was a gap (upto 17%) between the strategy that can use
only the maximum power (O-MAX) and the others. We can
see that this gap is higher as we increase the minimum con-
straint to 2 slots. It can also be seen that both the Opti-
mal Fixed (O-FIXED) and the Optimal Dynamic (O-DYN)
strategies achieve the maximum possible bandwidth.

g

S 160 -

2

S 120 A -
2 ® O_DYN

5 807 4 O_FIXED
C = O-MAX

z 407  F-MAX

B ood oo e
P 0 1 2 3 4 5 6 7 8 9 10

Minimum BW constraint

Figure 5: Maximum number of clients with increas-
ing the bandwidth demand per client. Y-axis is the
total bandwidth utilized in slots i.e. product of the
no. of clients and the minimum constraint. For 50
clients and 3 radios.

Mazimize clients with bandwidth constraints: When it is not
possible to satisfy the constraints for all the clients, we want
to maximize of the number of clients whose bandwidth con-
straint can be actually satisfied. Figure Bl shows the number
of clients that satisfy the minimum bandwidth constraint
as we increase the constraint for a topology with a fixed
number of clients (50). On the Y-axis, we plot total band-
width which is being utilized i.e. the product of the number
of clients and the bandwidth constraint. We can see that
there is a substantial gap between the optimal strategies
and the fixed power strategy (about 50% at constraint of
3). This gap reduces as we make the constraint tighter. All
the strategies can reach upto the maximum capacity of the
network (150 for 50 slots and 3 radios) as it becomes easier
to just select a small subset of clients that can be scheduled
multiple times easily. It is interesting to note that even the
strategy with always maximum power (F-MAX) also man-
ages to reach a subset of the clients. The greedy strategy (G-
MAX) does much worse than all the other solutions at higher
constraints. We can also see that both the Optimal Fixed
(O-FIXED) and the Optimal Dynamic (O-DYN) strategies
achieve the maximum possible bandwidth all throughout. To
summarize, the part of the graph which is relevant in prac-
tice is where the minimum bandwidth constraint is lower
and here we see that the optimal power strategies outper-
form the greedy strategies.

6. CONCLUSION

Scaling up the capacity of point-to-multipoint networks us-
ing multiple co-located base-station radios connected to mul-
tiple sector antennas raises many design challenges. These
include handling interference between the different base-
station radios, time synchronization between base-station
radios and clients, providing bandwidth and loss guaran-
tees to clients and reducing the cost (both installation and
maintenance) of using large number of antennas on towers.

In this paper, we have specifically looked at the problem

of interference (both at the base-station and at the clients)
resulting from simultaneous operation of multiple co-located
base-station radios on different sectors but on the same chan-
nel. Our work investigates the use of transmit power control
to alleviate this situation. We formulate the problem of us-
ing smart link scheduling and various link transmit power
control strategies to maximize bandwidth across all clients
subject to satisfying their minimum bandwidth requirements
as a linear program. We also provide a formulation for the
case of electronically steerable antennas, an area of active re-
search for cost-effective deployments. With our formulations,
solving the LP gives us an optimal allocation of clients to
radios and also a schedule of transmissions. We show that
we can schedule upto 50% more clients compared to naive
strategies indicating that there is an opportunity to leverage
transmit power control in real deployments. Our approach
is complementary to any TDMA-based MAC. Given these
early results, we are now looking at simple practical algo-
rithms that can provide gains using transmit power control
in such point-to-multipoint networks.
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