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Abstract—In traditional wireless networks, nodes use only a
single channel per radio interface, thus limiting the overall channel
diversity of the network. This restriction is due to the inherent
limitations of commercially-available RF devices. With the advent
of high-bandwidth software-defined radios (SDRs), we now have
the option of assigning multiple contiguous, independent channels
to a single wireless interface. This new-found opportunity raises
an important question: how do we assign contiguous channels
to nodes in order to maximize overall network throughput? This
question lies at the often-ignored intersection of single-radio-multi-
channel and multi-radio-multi-channel assignment schemes.

In this paper, we develop a protocol that assigns contiguous
channels with the goal of evenly spreading the load across the
multiple channels. Neighboring nodes greedily adjust their channel
ranges according to channel conditions to achieve an overall
pattern of partially-overlapping bandwidths that maximizes the
network throughput. The end-result is a network that can dy-
namically adapt its bandwidth usage to the network load and
the conditions of the different channels. The proposed protocol is
evaluated with a prototype built upon the USRP as well as with
detailed simulation.

I. INTRODUCTION AND MOTIVATION

Current channel-assignment schemes fall into two main
categories: Single-Radio-Multi-Channel (SR-MC) and Multi-
Radio-Multi-Channel (MR-MC). The focus of SR-MC is the
proper scheduling of a single interface across multiple channels,
while that of MR-MC is a suitable approximate solution to
the graph coloring problem. With regards to network capacity
enhancement, both solutions suffer from a limitation of current
wireless hardware: two radios can only communicate if their
spectra overlap completely. In this paper, we design and im-
plement a Single-Radio-Contiguous-Channel (SR-CC) channel-
allocation scheme, called M-Polar, that enables communication
with only partial spectrum overlap between radios.

SR-CC enables a node with only a single interface to si-
multaneously access multiple contiguous independent channels
by channelizing the accessible spectrum. This extra flexibil-
ity offers many significant advantages over other single-radio
schemes as follows.

1. Low-Overhead Interference Avoidance: Fig. 1 illustrates
the ease with which an SR-CC network can avoid noise or
interference in a hypothetical situation. In this example, the
network consists of several SR-CC nodes arranged in a straight
line, with a vertical box denoting the spectrum occupied by each
node. Spatio-frequency regions with high interference power
are marked. These high-interference regions may be due to

transmissions from non-cooperative networks or primary user
activity in the case of cognitive networks. With SR-CC, it is
possible to maintain an uninterrupted link between every pair of
adjacent nodes by judiciously selecting the spectrum occupied
by each node. Hence, communication throughout the network
is maintained with no channel switch overhead even in the face
of severe interference.

The same situation, if handled by SR-MC, will resemble that
shown in Fig. 2. Due to signal interference, the original string
topology will now be split into separate factions. A gateway
node maintains connectivity between these two factions by
switching between the two channels, as shown. Considering that
commercial 802.11b cards have channel-switch times ranging
from 20us to 200us [4], a significant communication overhead
will be incurred by this gateway node.

2. Dynamic Spectrum Utilization: The simultaneous multi-
channel access capability of SR-CC greatly simplifies the on-
demand scaling of spectrum utilization. Fig. 1 shows the ease
with which a network employing SR-CC schemes can collec-
tively exploit a frequency spectrum larger than that available to
any one node. SR-CC can increase or decrease the bandwidth
used by the network: a larger bandwidth allows nodes to be
“spread out” across the spectrum and will reduce the load on
any single channel, but may increase the path length; a smaller
bandwidth will increase the node density on each channel and
decrease the path length, but the synchronization overhead
will be increased. The exact bandwidth use will depend on
the channel load and capacity determined by individual nodes
spread across the spatio-termporal-frequency domain. More im-
portantly, this bandwidth adjustment can be done with minimal
interruption to on-going traffic flows since connections between
neighbors are uninterrupted as long as a portion of their spectra
overlap.

3. Increased Single-Hop Throughput: SR-CC enables si-
multaneous access to multiple contiguous channels with only
a single radio. Communication with neighboring nodes can be
distributed over multiple channels. Hence, for a fixed number
of neighbors, the use of SR-CC schemes results in fewer
contending neighbors per channel, as compared to SR-MC
schemes. Unlike SR-MC, this reduction in channel contention
overhead does not incur a corresponding rise in channel-
switching overhead since no channel-switches are necessary
if neighboring nodes maintain some common spectra between
them. This, coupled with the low-overhead interference avoid-
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ance capability of SR-CC, results in a significant throughput
improvement.

SR-CC shares many of the advantages of MR-MC, most
notably its multiple-channel access capability. However, the
hardware requirement of SR-CC is significantly lower, since
only a single radio interface is required. The number of
channels accessible to a SR-CC node is limited only by its
CPU capacity while for an MR-MC node, a separate hardware
interface is needed for each channel. The lower hardware
and power requirements of SR-CC, coupled with its multi-
channel capability, makes it suitable for platforms ranging from
cellphones to cellular base stations.

In the rest of this paper, we describe the design and imple-
mentation of M-Polar which has the following salient features:

« channelization of available spectrum using only a single

radio interface,

o channel adjustment with very minimal interruption to

active transmissions between neighbors,

« multi-channel communications using only a single radio

without any channel-switching overhead, and

o dynamic adaptation of overall network bandwidth usage

to traffic load.

We evaluate M-Polar using a prototype built upon the USRP
platform, as well as with detailed simulations.

The paper is organized as follows. Section II introduces
the theoretical basis behind our channel adjustment heuristic
before describing the adjustment protocol in Section III. This
is followed by a description of the PHY design of M-Polar in
Section IV. Sections V and VI present the results of real-world
evaluation and simulation, respectively. We conclude in Section
VIII.

II. PROBLEM FORMULATION AND THEORETICAL BASIS

We consider a network (N, C) where N is the set of wireless
nodes and C is the set of available channels. Let r be the number
of virtual interfaces of each node n € N. To avoid trivial
solutions, we assume that |A| > |C|. The ascending ordered
sequence of active channels assigned to each node is defined
as C;j := (c1,¢2,...,¢.)T. Any two nodes i,j € N are aligned
if C; = C;.

Given a node i € N, the upper bound on the capacity of any
of its channels ¢ € C; is given by Shannon’s capacity formula
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where W is the maximum channel capacity, NBR{ is the set
of neighbors of node i on channel ¢, h;; is the channel gain
between nodes ¢ and j (i.e., the ratio of the received power at
1 to the transmitted power from j), P; is the transmit power of
7 and o, is the noise on channel c. In this paper, we adopt the
normalized channel capacity by setting W = 1. For simplicity,
we assume that the channel is symmetric, i.e., h;; = hj;. For
notational convenience, we define

Pfe
'? =1+ Uc+z_7eN;Rf hij P§

C1
PRI

x a5t

and x;:= (z :

where Xx; is the corresponding channel state vector

Consider any two connected nodes 4, 5 € . The maximum
possible capacity available to node ¢ (and similarly, node j)
is defined to be the total capacity of ¢ (j). The capacity of
the overlapping channels is defined to be the effective capacity
between ¢ and j. This is illustrated in Fig. 3.

The normalized total capacity of the node ¢ € A is therefore
given by

[(x;) := log, m(x3)

where 7(xi) := [[.cc, 7. Similarly, the normalized effective
capacity of of node i is

A(x1) == logy p(xi)

where p(xi) == [[.cc, {INBRf]| # 0}a¢

An M-Polar node has to balance two opposing requirements:
(a) maximizing the effective capacity between itelf and its
neighbors and (b) probing other channels to discover new
transmission opportunities to maximize the total capacity to its
neighbors. The effective capacity of an M-Polar node represents
its current capacity while the total capacity is an upper bound
on its potential capacity.

A capacity increase cannot be achieved if only one of these
constraints is considered in isolation during channel adjustment.
Fig. 5 illustrates this fact with nodes in a string topology. We
only focus on nodes A, B and C, each tuned to channels 2-5
and with neighbor sets {D,B}, {A,C} and {B.E} respectively.
We focus on the total and effective capacity of C'. If the active
channels of these nodes are arranged as shown in Fig. 5(c), the
effective capacity of C' will increase, since the total number
of nodes on channel 5 has decreased. The total capacity of C
will also increase since node C' can now gain access to channel
6 with only 3 other nodes while giving up access to channel
2 which has 5 other nodes. In order to attain this capacity
increase, the effective capacity of C' must first be decreased
by shifting its active channel set to cover channels 3 to 6 as
shown in Fig. 5(b). If channel assignments are made to only
maximize the effective capacity, then this adjustment step will
not be taken, since it decreases the effective capacity of C' in
the short term. It follows that the improved channel assignment
cannot be reached.

On the other hand, if channel assignments are made only to
maximize the total capacity, the resultant active channels of A,
B and C will be that shown in Fig. 6. In this case, the total
capacity of each node will be maximized at the expense of
its effective capacity, resulting in a significant drop in overall
network capacity.

Hence, we specify the channel adjustment policy of M-Polar
as an optimization problem:

Vie N, T(x;i) >0
x = [x1,..., 2"

argmaxy y ;. A(xi) st (1)

The associated Lagrangian is given by

L(x,A) =Y AG)+ > i T(xi) )
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Fig. 1. Interference avoidance with
SR-CC. By judiciously selecting the
spectrum of each node, the string
topology can maintain overall network
connectivity with low overhead in the
presence of crippling interference
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along with the partial differential w.r.t. x;
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From Eq. (3), we can perform a greedy approach to maxi-
mizing the effective capacity of an M-Polar by ensuring that
in each adjustment step, the normalized decrease [increase] in
effective capacity is within a constant factor of the normalized
increase [decrease] in total capacity. A is the weighing factor
that defines the relative importance of the effective and total
capacities. This observation serves as a basis for the channel
adjustment heuristic that will be described in the next section.

ppudcs) 3)

m(Xi)

III. M-POLAR CHANNEL ADJUSTMENT PROTOCOL

We now present a distributed, iterative channel adjustment
protocol based on (3). M-Polar adopts a greedy iterative ap-
proach to maximizing the Lagrangian in (2) with (3) as the cost

TABLE I
VARIABLES USED BY THE CHANNEL ADJUSTMENT PROTOCOL

[ Variable | Description

NBR® List of neighbors on channel ¢
tneigh Neighbor list timeout
tchan Channel adjustment timeout
Sec SNR measured on channel ¢ € Cj
NSNR No. of SNR measurements exchanged in a single data frame
C; List of active channels of node ¢
S; SNR of all channels from the point of view of node ¢
lthresh Adjustment threshold

function. In each iteration, M-Polar constructs several pseudo-
active channel lists, each representing a potential active channel
list. The pseudo-active channel list that results in the greatest
increase in the Lagrangian (2) is chosen as the next active
channel set. Table I lists the variables used by the channel
adjustment protocol.
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A. Neighbor Discovery and Management

Before M-Polar can compute p(-) and = (-), the set of neigh-
bors NBR€ on each of its channels must be known. Neighbor
discovery is achieved via overhearing. For each accessible
channel ¢, M-Polar maintains a neighbor list NBR*. Each entry
(7,t) € NBR contains both the ID of the neighbor ¢ and the
most recent time ¢ when a frame from neighbor ¢ was received.
Entries older than ?yeign are purged.

For each non-active channel, ¢ € C \ C;, M-Polar tracks the
average SNR from all its neighbors that are active on c. These
SNR measurements are used if the node does not have any
corresponding local measurements (e.g. it has never accessed
some channel and thus does not know the state of that channel).
Any inaccuracy in the neighbors’ SNR values will be quickly
negated by subsequent channel adjustments.

Each M-Polar node attaches the most recent SNR measure-
ments from up to ngng active channels onto each transmitted
frame. The value of ngng i set to achieve a balance between
the extra overhead and speed of information exchange. In our
implementation, we set ngnr = 5. The receiving node retrieves
these ngngr values and updates the average SNR information
of all its non-active channels The SNR of active channels are
updated via direct channel measurements by M-Polar.

B. Channel Adjustment Algorithm

Given any active channel list C; of some node ¢, the channel
state vector is x; = (z',...,2;") with z* € S; and ¢, € C;.
We also define the pseudo-active channel list D; as the list of
channels where 0 < |D; N C;| < |C;| with the corresponding
estimated channel state vector y; where some elements y© € y;
are the average SNR of non-active channels. y; represents the
estimated channel state of the potential active channels to which
M-Polar can shift.

For each pseudo-active channel list, we approximate the

gradient of the Lagrangian in (3) using

W’(Xi) _ (ﬂ—(yl) — ’/T(Xi))’ Pl(xi) _ (p(yl) - p(xl))

Iy — il lyi — xill

The pseudo-active channel list that has the largest positive
gradient will be selected as the new active channel list. The
pseudo-code detailing this adjustment algorithm is shown in
Algorithm 1.

For each pseudo-active channel list, M-Polar can choose to
shift the current list of active channels by up to £(r — 1)
channels. In lines 6-13, M-Polar computes the channel state
vector for the current pseudo-active channel list. If the state
of the channel is available in the cache (either via direct
measurements or information exchange), then that value is used.
Otherwise, the average of the current channel state is used.

With this new channel state vector, the approximate value
of (3) is computed and stored in a list (lines 14-19). Pseudo-
active channel lists with negative gradients are ignored since
they represent a decrease in the effective and total capacity.

Finally, in lines 21-27, M-Polar selects the pseudo-active
channel list with the highest Lagrangian gradient and returns its
corresponding channel shift if this gradient exceeds a predefined

Algorithm 1 Single Step Adjustment
Require: x;, Cj, S;

1: r «— |C1|

2. L—{}

3: T « Average(x;)

4: ford=—-r+1tor—1do
55y ()

6: for ce C; do

7: s < GetChannelState(S;, ¢ + d)

8: if s 2 NULL then

o: y —yU{s}

10: else
11: y —yu{z}
12: end if
13: end for
14 a e (n(y) - (x:))/(ly — x| - 7(xs))
150 B (p(yi) — p(x1))/([lyi — xill - p(xi)
16: l—0FB+Xa

17:  if [ > 0 then

18: L—LU{({l,d}

19: end if
20: end for
21: if |L| > O then
22: (',d)e Lstv(l",d"ye L I'>1"
23: if I’ > linresh then
24: return d’
25: end if
26: end if
27: return 0

threshold. The use of this threshold reduces the possibility
of channel adjustments due to spurious bursts of noise. If no
pseudo-active channel list can increase the overall effective and
total capacity, then the current active channel list is not changed.

C. Full Protocol Description

M-Polar synchronizes its channel adjustment invocation with
neighboring nodes to ensure that (a) no two adjacent nodes
adjust their channels simultaneously, and (b) no channel ad-
justment results in a disconnection of any neighbor. In this
subsection, we describe the distributed protocol used by M-
Polar to achieve an contiguous channel assignment with maxi-
mal capacity.

During channel adjustment, M-Polar can be in any of three
states: IDLE, ADJUST and ADJUST_ACK. Fig. 7 summarizes
the possible transitions between these states. The relevant fields
of the frame header pertaining to these state messages are:
msg, timestamp and id. The msg field holds the state,
i.e., IDLE, ADJUST_ACK or ADJUST, while the t imestamp
field contains the time at which the M-Polar node transitions to
the state specified in msg. The id field holds the identifier of
the node associated with the msg state. This identifier may not
necessarily belong to the node from which the frame originated.
M-Polar can forward state information from neighboring nodes
to accelerate the propagation of synchronization information
among neighbors.

We refer to M-Polar nodes in the ADJUST state as active
nodes. Nodes in all other states are considered inactive.
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1) IDLE State: When M-Polar is in the IDLE state, it only
monitors the channel (in addition to the normal frame trans-
mission and reception). From this state, it can transition into
either ADJUST or ADJUST _ACK states. If M-Polar receives
an ADJUST message from any neighboring node, it transitions
to the ADJUST_ACK state and transmits an acknowledgement
of its state change. Alternatively, M-Polar can switch to the
ADJUST state to prepare to shift its own channels. Channel
shifting can then only occur after all neighbors acknowledge
their transitions to ADJUST_ACK.

2) ADJUST_ACK State: M-Polar enters this state only when
it receives an ADJUST state message from a one-hop neighbor.
While in this state, M-Polar does not adjust its active channel
list. M-Polar sets the msg, timestamp and id fields of all
subsequent transmitted frames to ADJUST_ACK, the time at
which the transition occurs and the ID of the node to which
it is acknowledging, respectively. This repeated state broadcast
increases the speed of state propagation among neighbors. An
M-Polar in this state will transition to the IDLE state under
either of two conditions: an IDLE message is received from the
active node or the active node switches to the ADJUST_ACK
state. The former occurs when the neighboring node completes
its channel adjustment. The latter indicates a resynchronization
event: two neighboring M-Polar nodes are active and the
active node with the later t imestamp value transitions to the
ADJUST_ACK state. This can occur if, for example, ADJUST
messages are lost due to frame corruption.

3) ADJUST State: M-Polar transitions to this state just
before it shifts its active channels. M-Polar sets the msg,
timestamp and id fields to ADJUST, the time at which this
transition occurred and its own identifier respectively. While
in this state, M-Polar transmits the ADJUST message in each
frame header and waits until an ADJUST_ACK message is
received from each one-hop neighbor. At any point, if an AD-
JUST message is received from some neighbor with an earlier
timestamp value, M-Polar transitions to the ADJUST_ACK
state. If all ADJUST_ACK messages have not been received
after tchan, M-Polar aborts the channel adjustment attempt and
transitions to the IDLE state. This is done to avoid deadlocks
due to channel desynchronizations.

IV. M-POLAR PHYSICAL INTERFACE AND DESIGN

Conventional PHY implementations utilize all accessible
bandwidth on an interface for a single broadcast channel. With
SDRs, it is possible to split the accessible bandwidth into
multiple contiguous channels. This is especially useful since
the SDR can often access a larger bandwidth than is required
by state-of-the-art wireless protocols. For example, each GSM
channel is 200kHz wide while a USRP can sample a channel
of up to 8Mhz, enabling up to 40 channels to be accessed
simultaneously.

In this section, we describe the multi-channel design of M-
Polar, as well as several key challenges that must be addressed
before multi-channel communication is practical.

A. Receiver & Transmitter Design

Fig. 8 shows the processing path used for a single channel in
M-Polar. Incoming samples for the channel is first modulated
to obtain a baseband signal. A digital pulse-shaping filter
H(z) is then applied to the stream before it is decimated
by a factor of r. One key requirement of this pulse-shaping
filter is its ability to minimize inter-symbol interference. This
is particularly important to M-Polar since adjacent channels
often experience cross and co-channel interference. Here, we
make use of the root raised cosine (RRC) filter. The slicer
partitions the stream of samples into Differential Binary Phase
Shift Key-ed (DBPSK) symbols, and sums the energy of all
samples in each symbol to obtain the receive signal strength.
The DBPSK decoder then converts the phase shifts between
adjacent symbols into binary bits before feeding them into the
PLCP decoder. The start of the frame is demarcated by a known
sync field in the PLCP header. If such a field is detected, the
rest of the frame is decoded and sent to the MAC layer for
further processing.

This design incurs too high a processing overhead to be
practical for decoding multiple channels. Instead an equivalent,
optimized form of the receiver based on uniformly modulated
DFT filter-banks as shown in Fig. 9 is used instead.

The transmitter is necessarily designed to enable independent
transmissions on multiple contiguous channels. Each channel
has a separate processing path which is a simple reciprocal
of the receiver design. However, given the asynchronous and
bursty nature of transmissions across separate channels, the
non-optimized channel filterbank as shown in Fig. 10 can be
used with minimal overhead.

B. Dependent Channel Control

The use of a single RF transceiver limits M-Polar to be either
transmitting or receiving on all channels at the same time. For
example, consider an M-Polar node that uses 4 channels ¢y,
c2, c3 and c4. Assume that M-Polar detects a transmission only
on co and ¢4 while it has frames queued for transmission on
c1 and c3. M-Polar can determine the intended destination of
the transmissions only after entire frames on c; and c4 are
received. If the frames are destined for a neighbor, then M-
Polar will have missed a transmission opportunity. However,
without further information, M-Polar will have to adopt this
conservative approach to avoid missing frames destined for
itself.

M-Polar addresses this issue by using cut-through MAC
header decoding. On any particular channel c;, as soon as
the MAC header is successfully decoded, M-Polar updates
its channel state information before the rest of the packet is
completely received. If the frame is destined for the local node,
the RF transceiver is held in receive mode to ensure proper
frame reception. Otherwise, the transmission on ¢; can be safely
ignored. Since the size of the header is only a small fraction
of the overall frame size, channel-state decisions can be made
up to an order-of-magnitude earlier with cut-through header
decoding.
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C. Accurate SNR Measurements

M-Polar relies on accurate channel SNR measurements for
correct operation. One difficulty with such a metric is the
ambiguity between signal and noise components given only
aggregate channel energy measurements. There exists a large
body of research on SNR estimation. For example, the methods
in [6] and [10] can be used for AWGN and time-varying fading
channels, respectively.

M-Polar uses a data-assisted method for SNR measurements.
This is based on the principle that any transmission with a
decodable PLCP sync field carries a valid frame and should
not be treated as noise. The sync field is decoded before
the rest of the PLCP and MAC headers, allowing M-Polar
to quickly detect the presence of a signal, even if the rest of
the frame is subsequently corrupted and dropped. In the event
that the sync field is corrupted, M-Polar assumes that noise
is being received.

V. OPERATIONAL VERIFICATION VIA IMPLEMENTATION &
EXPERIMENTATION

In this section, we demonstrate the operational behavior of
M-Polar using two USRP nodes placed 1.5m apart in an indoor
environment. M-Polar is implemented using a modified version
of GNURadio 3.1.3, and is tested on the USRP platform.
CSMA is used as the channel access protocol. We compare
the throughput achieved by M-Polar to the throughput achieved
without any form of channel adjustments.

A. Cross-Channel Interference

We configure two USRP nodes, each using five 200kHz
channels without M-Polar, as a sender-receiver pair. Frames
are transmitted on only channel 3 (the center channel) and the
signal power is measured on all five channels. Fig. 4 shows the
signal power measured at the receiver.

The received power on channel 3 is 27dB while the power
on adjacent channels drop off sharply to reach only 7dB on
channels 1 and 5. If also transmit on channel 1, we can expect
the SNR on channel 1 (assuming the same noise floor for all
channels) to be 20. Hence, by transmitting on one of the channel
pairs (1,3), (2,4) or (3,5), the interfering signal power will be
kept to a sufficiently low level.

B. Throughput Without M-Polar

We then measure the throughput between two nodes without
M-Polar. Each node has five 200kHz channels and throughput is
measured for approximately 4000s at three different frequency
ranges: 2.4308 to 2.4318GHz, 2.4312 to 2.4322GHz and 2.4316
to 2.4326GHz. The per-minute and the average throughput
over the entire measurement interval is shown in Fig. 12. The
averaging is done using a weighted moving average filter with
the weight set to 0.1.

Observe that the throughput at overlapping frequency ranges
can fluctuate significantly. Furthermore, signal fading at differ-
ent frequency ranges occur at different time periods. At 2.4308
to 2.4318GHz (Fig. 12(a)), average throughput drops below
150bytes/s 1233s and 2400s. This can also be seen in Fig. 12(b)

between 2735s to 3250s and 3310s to 5100s. It is clear that
signal fading can persist for an extended period of time. Hence,
when one frequency range is experiencing a persistent signal
fade, it is important to quickly switch to a different, better
performing range of frequencies

C. Throughput with M-Polar

The previous experiment is repeated using M-Polar over five
200kHz channels. The initial active channel list is tuned to the
frequency range spanning 2.4308 to 2.4318GHz and M-Polar
adjusts the active channel list at most once a minute to limit
the rate of channel adjustments. The results of this experiment
are shown in Fig. 11. The triangular markers in Fig. 11 denote
the instances where M-Polar performed a channel adjustment
step.

At the start of the experiment, the channel state cache only
contains SNR information on the initial 5 channels. For each
of those unknown channels, the SNR is taken to be equal to
the mean SNR of these initial channels. In this case, this is
an over-estimate of the actual SNR, resulting in a series of
channel adjustments (up to 970s) as M-Polar probes the state
of the other channels. The transmission between the two nodes
is never broken due to the maintainence of at least one common
channel.

At 970s, M-Polar adjusts the active channels to span 2.4312
to 2.4322GHz. At this point, M-Polar is not able to find an
adjustment that will result in a increase in the total or effective
capacity, and does adjust the active channels any further until
1890s. At this time, all SNR entries of non-active channels
have expired and have been purged from the SNR cache.
M-Polar resumes its channel probing process and makes an
adjustment into a set of channels experiencing prolonged signal
fading. M-Polar continues to be stuck in this local minima until
2600s. Occasional sub-optimal decisions such as this one is
unavoidable because we are only using two nodes. M-Polar thus
loses the benefits of SNR information that would otherwise be
exchanged with other non-aligned nodes.

At 2600s, M-Polar escapes from this local minima and man-
ages to achieve a throughput of approximately 220 bytes/s for
the rest of the experiment. The remaining channel adjustments
are made in response to temporal fading events.

Note that the mean throughput that M-Polar settles at after
2600s (220 bytes/s) is a 46% increase from the initial through-
put (153 bytes/s). This throughput increase is not possible
without careful channel adjustments, as is evident from a
comparison between Figs. 12 and 11.

VI. SIMULATION

We evaluated the behavior of M-Polar in large networks with
the aid of detailed simulation, and describe the results of an
NS-2.33 implementation of M-Polar on a network of 25 nodes
arranged in a grid.

A. Setup

Table II shows the parameters used in the simulation. The
transmission parameters are so chosen that the SNR values at
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Fig. 11. Achievable throughput with
M-Polar. The triangular markers de-
note the time instances at which chan-
nel adjustment are carried out.

TABLE 11
SIMULATION PARAMETERS

[ Parameter [ Value
No. of nodes 25
Node placement Grid
Node separation 50m
Noise floor 1.559 x 10~ 1T
Transmit power 0.78
No. of channels per node 4
Total no. of channels 30 (indexed from 0-29)
Noise model Zero-mean Gaussian
Simulation duration 4000 seconds

each M-Polar node is similar to those obtained via real-world
experiments.

Here, we study the results of three experimental setups using
M-Polar. Each simulation is repeated 20 times and we present
typical results of these runs. The first has the same channel
noise on all 30 channels. This will demonstrate the ability of
M-Polar to adapt channel assignments to the perceived load
on each channel. In the second experiment, we adjust the
channel noise such that channels with higher indices have
greater noise power. This will demonstrate the ability of M-
Polar to adapt to noisy channels, in addition to network load. In
our third simulation study, each node only uses a single channel
with bandwidth equal to the sum of the 30 channels used
in the previous two simulations. All other parameters in this
simulation follow those in Table II. This simulation will show
that network throughput under contiguous channel assignment
by M-Polar is greater than that of network with only one high
bandwidth channel.

B. Metrics

The following three metrics are used to measure the perfor-
mance of M-Polar.
Per-hop throughput measures the improvement of single hop
throughput with M-Polar, between every pair of one-hop neigh-
bors. Since M-Polar performs link-level channel assignment,
this metric directly measures the impact of contiguous channel
assignment by M-Polar.
Path length shows the overall change in path length due to
channel adjustments. We assume an ideal routing algorithm:
given any two nodes, the path between them consists of a series
of one-hop links that form the shortest route between them.
Recall that M-Polar uses frame overhearing to determine its set

% 1000 2000 3000 4000 5000 60¢ %

Time (s)

(b) 2.4312 to 2.4322GHz

1000 2000 __ 3000 4000
Time (s)

(c) 2.4316 to 2.4326GHz

5000 6000

Fig. 12. Achievable throughput at three different channel ranges. Each M-Polar node uses five 200kHz channels

of one-hop neighbors. Channel fading can cause intermittent
periods of high packet loss, resulting in the expiration of
neighbor information before channel adjustment. Hence, it is
possible for path lengths to change. The aggregate path length
statistics presented do not include one-hop neighbors to avoid
an unneccesary bias.

End-to-end throughput measures the overall effect of channel
assignment. This throughput is measured over the shortest path
between any two nodes. An increase in per-hop throughput
does not necessarily increase the end-to-end throughput, since
the per-hop improvement may come at the expense of longer
path lengths, higher loss rate, etc., due to channel adjustments.
Similarly, we ignore any one-hop neighbors to avoid any bias.

C. Grid Topology, Identical Channel Noise

Fig. 13 shows the channel placement of each node at the end
of the simulation. Each node is denoted by a (1id, channel)
pair, where id is the node identifier and channel indicates
the highest channel ID of the active channel list of node id. The
circles centered at each node are drawn with a size proportional
to the value of channel: the greater channel index, the larger
the diameter of the circle.

The M-Polar nodes arrange themselves into a ‘“channel
gradient” with nodes 4 and 9 occupying the lowest channels. In
order to understand this resulting channel assignment, consider
any node ¢ in Fig. 13 with active channel list c;. Once node i
begins transmission on its active channel list, the signal power
on these channels increase. Nodes two-hops and farther away
(i.e. non-neighbors) from ¢ on the same channels ¢ will thus
experience a decrease in total capacity due to the increased
noise power. These nodes can increase their total capacity by
reducing the number of overlapping active channels with c;.
This process is repeated as more nodes fix their own active
channel lists, thus achieving the overall channel gradient.

Fig. 16 shows the per-hop, end-to-end throughput and
the path length achieved during the simulation of M-Polar.
Fig. 16(a) shows that, over a series of channel adjustments
by M-Polar, the median per-hop throughput increases by 97%
while even the 25" percentile sees an 18% increase. This
highlights the importance of reducing the channel contention
overhead while increasing throughput fairness by reducing the
number of nodes on each channel.
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While M-Polar improves fairness between one-hop neighbors
on the same channel, it makes no such guarantees for neighbors
that are farther away. Despite this limitation, Fig. 16(b) shows
that M-Polar increases the end-to-end throughput. The median
end-to-end throughput increases by 21% while the upper and
lower quartiles increase by 67% and 12%, respectively.

Fig. 16(c) shows that channel adjustment by M-Polar does
increase the length of the end-to-end paths. The median path
length of all pairs of nodes increases from 2 to 4.1 while those
of the upper and lower quartiles increase from 2 to 6 and 3,
respectively. However, the increase in per-hop throughput and
fairness is generally sufficient to overcome the effects of path
length inflation.

D. Grid Topology, Non-Identical Channel Noise

For this simulation, the noise o; of channel ¢ is set according
to 0, = 2i X og, where og is the channel noise used in
the previous simulation (Section VI-C). Channels with larger
indices will have higher noise power.

Fig. 14 shows the channel assignment at the end of the
simulation. Here, we again see a similar gradient of channels
assigned to the nodes by M-Polar. However, only a smaller
range of channels is utilized by M-Polar, as seen in Fig. 15.
Nodes that utilize higher-index active channels will experience
greater interference and thus lower throughput than nodes with
low-index active channels. Hence, to maximize effective and
total capacity, M-Polar skews assigned channels towards those
with smaller indices. This will decrease network capacity due
to increased channel load and contention overhead. This is a
case where M-Polar adapts channel use to the capacity of and
load on each channel.

In spite of this, M-Polar can still increase the median per-
hop throughput (Fig. 17(a)) by 48%. The upper quartile per-
hop throughput increases by 118% while the lower quartile
remains largely unchanged. It is no surprise that the variance
in per-hop throughput here is greater than in the case with
identical channel noises. Since the channels assigned to any
node are necessarily contiguous, it is difficult for M-Polar to
active perfect load balancing across all non-identical channels.

Because the range of active channels is now smaller, the
path length inflation is lower as well. Fig. 17(c) shows that the
median path length increases from 2 to 4 hops by the end of the
simulation while the upper and lower quartiles increase from 2
to 6.1 hops and 3 hops, respectively.

E. Single High-Bandwidth Channel

Fig. 18 shows the performance of a network where each
node is equiped with only a single high bandwidth channel:
each node is now assigned a bandwidth equivalent to 7.5 times
that of the M-Polar nodes in previous experiments. In spite of
this, the achievable per-hop and end-to-end throughput of the
non-M-Polar nodes are lower than those with M-Polar. Figs. 18
and 17 illustrate this fact: the median per-hop throughput
without M-Polar is at under 200 KB/s while with M-Polar
under non-identical channel noise achieves 300KB/s—a 50%
difference. This relation can also be seen, albeit to a smaller

degree, when we compare the median end-to-end throughput—
118KB/s without M-Polar vs. 128KB/s with M-Polar. However,
the absence of M-Polar reduces the path-length inflation: any
increase in path length is mainly due to losses of update packets
to channel fluctuations.

This observed behavior is the result of excessive channel
contention overhead. Since only a single channel is used,
the interfering set of neighbors of any node is significantly
higher than when nodes are distributed over several contiguous
channels. The increased channel capacity along with reduction
of cross-channel interference and channel-switch overhead is
mitigated by this increase in channel contention overhead.
Furthermore, as discussed previously, the large set of interfering
neighbors reduces the overall throughput fairness.

VII. RELATED WORK

The channel assignment problem is known to be NP-Hard
and a multitude of methods have been proposed to approx-
imate the optimal assignment. Alicherry et al. [1] take a
theoretical approach that uses a relaxed LP formulation to
compute an optimal route and its associated channel assign-
ment. Another theoretical proposal made by Xing et al. [11]
make use of super-imposed codes. To minimize the channel
switching overhead in single-radio networks, Vedantham et al.
[9] propose a channel assignment scheme based on components
(i.e., largest connected subgraphs). This minimizes the number
of channel switches required for any flow, thus increasing
overall throughput. Other notable channel assignment protocols
include MMAC [8], SSCH [2], McMAC [3] and a traffic-aware
assignment scheme [7].

The spectrum occupied by multiple channels can also be
partitioned into time-spectrum blocks and assigned to nodes
on an as-needed basis. CMAC [12] is one example of this.
Here, neighboring nodes reserve a spectrum block for some
period of time (i.e., a time-spectrum block) for data exchange.
Moscibroda et al. [5] describe another scheme that assigns spec-
trum blocks of increasing widths to APs with larger numbers
of connected clients.

VIII. CONCLUSION

The growing availability of software-defined radios opens the
opportunity to many novel channel assignment schemes. In this
paper, we have developed a working prototype of M-Polar and
have shown that the achievable throughput by SDRs using M-
Polar can even be greater than traditional single-radio-single-
channel nodes with 7.5 times the bandwidth of the SDRs.

An exciting corollary from our results is that we do not
require large-bandwidth SDRs in order to achieve high through-
put. Instead, careful management of the spectrum using the
physical layer control knobs made available by the SDR is
more important.
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Fig. 13.  M-Polar channel assignment
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Fig. 16. 25", 50" and 75" percentile performance of M-Polar with identical channel noise.
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