










the floor and other multi-path effects. The stands and
platforms are made from wood and foam respectively to
further reduce the effect of the setup on the radio signal
propagation. The radios are placed in an open room with
at least one metre of clearance on all sides of the radios.
This clearance is which is sufficient to eliminate reflec-
tions off walls since the maximum transmission range
is only approximately 20-30cm with the removal of the
chip antenna. Whilst these conditions are ideal and far
removed from the real environment, when we do extend
our work to a real modular robot we will be in a much
stronger position to establish and address new problems.

Figure 6: Proof-of-concept experiment setup with four
pairs of radios.

5 Experiments and Results

In this section we present experimental proof-of-concept
for our proposed MRMC architecture. We demonstrate
pairs of radios (simulating neighbour-to-neighbour com-
munication) in a tiled manner as seen in Fig. 3. Each pair
is able to communicate without interference from neigh-
bouring pairs operating on the same channel. To avoid
confusion, from here on we shall refer to a transmitting
neighbour and a receiving neighbour as a master and a
neighbour, respectively. For example in Fig. 3, module
M i is a master and modules Ni are neighbours of M i

(note all modules are also masters of their neighbours).
We performed three experiments: 1) we measured at-

tenuation characteristics of the radios to verify the FSPL
decay in signal strength; 2) we then determined the
CCRR of the radios for successful co-channel operation;
and 3) we demonstrated the operation of four pairs of ra-
dios operating on the same channel simultaneously and
without interference to simulate channel reuse. Whilst
the first two tests seem trivial to characterise accurately
through equations and data sheets, it is widely accepted
that theoretical and practical characteristics of radios
can differ immensely [Kotz et al., 2003].

��

Master��B��

Master��A��

Master�rNe
Distan

Neighbour��B��

Neighbour��A��

eighbour��
nce�� Channel��Reuse

Separation��
e��

Figure 7: Setup for measuring signal attenuation and
co-channel rejection ratio.

5.1 Attenuation Measurements

To measure the attenuation characteristics of our radio
hardware we used the setup shown in Fig. 7. The signal
attenuation is measured using the software in Sec. 4.3
by recording the average signal strength of each received
packet at varying distances. The results presented in
Fig. 8 shows the relationship between signal strength
in dBm versus the separation distance between the an-
tenna of the two radios. Different radio orientations are
also measured. The Frontward Orientation curve corre-
sponds to varying the Master A Master B distance and
the Sideward Orientation curve represents varying the
Master A Neighbour B distance in Fig. 7. The third
curve represents the theoretical FSPL at 2.4GHz.

It is apparent from Fig. 8 that the attenuation charac-
teristics differ from the theoretical FSPL curve and also
differ depending on the orientation of the radios. The
most likely explanation for the deviation from the theo-
retical inverse square attenuation is the non-linearity of
the hardware gain amplifiers in the radios and the layout
of the dielectric circuit board. However the deviation is
not significant enough to be of concern.
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5.2 Co-Channel Rejection Ratio
Measurement

To measure the CCRR of the radio hardware, two pairs
of radios are setup as seen in Fig. 7. Both pairs of radios
are set to the same channel and assigned unique network
identifiers. Using the software in Sec. 4.3 we begin by
verifying that each master-neighbour pair of radios is
communicating at the full data rate possible (183kbps)
in the absence of interference.

For various Master-Neighbour Distances as shown in
Fig. 7 we determine the Channel Reuse Separation (Eu-
clidean separation between two master-neighbour pairs)
necessary for interference-free transmission and then
convert this Euclidean distance to dBm using the Front-
ward Orientation curve in Fig. 8.

The minimum Channel Reuse Separation is deter-
mined by slowly bringing together the two pairs of radios
and recording the data rate at different distances. The
results shown in Fig. 9 illustrates three curves represent-
ing a Master-Neighbour Distance of 3, 7 and 10cm with
a respective signal strength of -84, -78 and -48dBm.

For each of the three Master-Neighbour Distances the
graphs clearly show a sharp transition from the full base-
line data rate of 183kbps to 0kbps. The transition oc-
curs at -66, -80 and -86dBm for Master-Neighbour Signal
Strengths of -84, -78 and -48dBm respectively. By sub-
tracting the signal strength at the transition point from
the Master-Neighbour Signal Strength of the curve we
can determine CCRR’s of -2, -2 and -4dBm respectively.
According to the JN5139 data sheet, the signal amplifier
has 47 gain stages and each one is approximately 2dBm
which explains the sharp transition from full data rate
to zero throughput.

Assuming a -2dBm CCRR and applying Equation 1 we

determine that the minimum channel reuse separation
required is 1.25 times the master-neighbour distance.
Since modules can only be placed at fixed intervals, the
minimum separation is twice the master-neighbour dis-
tance. This thus proves that the topology and channel
reuse separation as depicted in Fig. 3 is more than suffi-
cient for interference-free channel re-allocation. In fact,
after applying Brooks’s 4-colouring algorithm we find
that 13 orthogonal channels are sufficient for implement-
ing our architecture on a two-dimensional lattice and 25
channels are necessary for a three-dimensional lattice.

5.3 Proof-of-Concept Demonstration
In this final proof-of-concept demonstration, the radios
are physically setup as shown in Fig. 6. Each stand con-
tains one master and one neighbour radio. Each of the
four pairs of radios are separated by at most 1.25 times
the master-neighbour distance as calculated in Sec. 5.2.
All radios are set to the same channel and each master-
neighbour pair is assigned a unique network identifier.
Using the three Master-Neighbour Distances tested in
Sec. 5.2 we were successful in making all four master-
neighbour pairs communicate without interference at
the full base-line data rate, on the same channel and
separated by distances calculated in Equation 1 (1.25
times the master-neighbour distance). Each test was al-
lowed to run for 30 minutes to ensure that the results
were reliable and throughput was consistent. The fact
that all four pairs operated without co-channel interfer-
ence shows that compact channel reuse is achievable and
proves that our architecture is feasible.

6 Interference at Larger Scale

Interference is a real issue in radio communication and
is unavoidable and unpredictable in a real environment.
For this reason it is difficult to quantitatively characterise
the effects of interference without actually performing
the experiments in the real environment. However it
is possible to qualitatively analyse the impact of inter-
ference to predict the likely performance of the system.
There are two types of interference that we must ac-
count for. First is interference from external sources in
the same frequency band such as 802.11 transmitters or
Zigbee radios. Secondly multi-path fading causing local
areas of constructive destructive interference.

6.1 External Interference
The proliferation of radio transmitters in the 2.4Ghz
spectrum makes external interference a concern for all
transceivers in this band. Fortunately external interfer-
ence poses less of a problem in our architecture as our ra-
dios are operating at extremely close distances and have
very strong signal strengths. In fact we had to deliber-
ately remove the antennas to reduce the signal strength
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Figure 9: Results for co-channel rejection ratio measurements.

and prevent the amplifiers from saturating. Hence if
there were any external signals strong enough to inter-
fere with our system then all other radios in the spectrum
will also be affected.

6.2 Multi-path Interference

Multi-path fading is a radio propagation phenomenon in
which radio signals radiating from a single point source
take different paths to the receiver due to reflections off
obstacles in the environment. As the distance traversed
from transmitter to receiver varies depending on the path
traversed, the receiver radio sees the same signal arriving
at different times with slight phase shifts which can cause
constructive and destructive interference at the receiver.
In a practical implementation multi-path fading can re-
sult from signals reflecting off the materials that make
up the modules themselves and from signal reflections
from obstacles external to the robot as it moves through
the environment. The mobile nature of modular robots
also means that interference occurs in an unpredictable
manner and the architecture must be able to compensate
for this.

Constructive multi-path interference can cause inter-
ference at a distant module reusing the same channel.
In this case the interfering signal at a module is greater
than the desired signal from the module’s neighbours.
Firstly we analyse the amount of constructive multi-path
interference is necessary to corrupt the wanted signal to
quantify the impact of constructive multi-path interfer-
ence.

By examining the channel tiling pattern illustrated in
Fig. 3 we can determine the minimum amount of con-
structive multi-path interference necessary to cause sig-
nal degradation. This is found by looking at radio M i

in Fig. 3 and finding the closest radio reusing the same
channel which is Q3. By using the signal strength of
M i’s neighbours (N1∼N4) as the reference level of 0dB,
then Q3’s signal is only -9.5dB in strength. Given that
our radios have a CCRR of 2dB then Q3 must be 7.5dB
stronger than the line-of-sight signal to cause interfer-
ence. In the same manner as above the signal of Q2/Q4

and Q1 needs to be 10.3dB and 11dB respectively to
cause interference. In our analysis we do not consider
the effects of interference on transmitting neighbour ra-
dios (N1∼N4) as traffic flows from neighbour to master
and the only transmissions from masters to neighbours
are small acknowledgement packets which are optional.
To generate the levels of interference stated above us-
ing Rayleigh fading, which is a widely accepted model
for multi-path fading in non-line-of-sight situations, the
likelihood of constructive interference with a magnitude
of greater than 7.5dB is very low. The multi-radio ar-
chitecture also puts our system in a strong position to
further improve immunity to multi-path interference by
using antenna diversity techniques. Assuming that both
radios in a module are controlled by a single processor we
can simply switch the master and transmit radios such
that the position of both radios relative to its neighbours
move by a fraction of a wavelength. This is a common
technique used in many wireless base stations. Alter-
natively each radio can have multiple antennas either
in microstrip or whip form and switch antennas using
an RF switch. Hence on the detection of unacceptable
amounts of interference, the master and transmit radios
switch roles.

A common feature of multi-path fading is local points
of extremely low signal strength called deep fades. This
phenomenon would also impact on neighbour to master
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transmissions. In the case of radios M i and N1, a deep
fade could mean that the signal N1 to M i is lower by
7.5dB and hence signals from co-channel radio Q3 inter-
fere with its transmissions. Since deep fades are more
common and can be as low as -40dB, antenna diversity
techniques offer the best protection.

The unpredictable nature of multi-path propagation
makes it difficult to accurately characterise without per-
forming a full scale implementation which is not feasible
for a proof-of-concept experiment. However despite the
difficulties in quantitatively determining the impact of
interference on our architecture, a qualitatively analysis
shows that overall our architecture can be made resilient
to external interference and multi-path effects using sim-
ple and existing techniques.

7 Conclusions and Future Work
Our experimental results demonstrate that compact
channel reuse is achievable with off-the-shelf ZigBee ra-
dios. We successfully demonstrated four pairs of ra-
dios operating without interference on the same channel
which validates the feasibility of our architecture design
with existing hardware. We also qualitatively analysed
the multi-path interference issues associated with mi-
grating to a scaled hardware implementation and showed
that constructive and destructive multi-path interference
can be countered with simple and commonly used tech-
niques. We conclude that our architecture can guaran-
tee bandwidth and latency independent of the number
of modules in the robot.

We are encouraged by our positive experiment results
and plan to design and implement actual modules with
an MRMC communication architecture. This will allow
us to test our proposed design in a setup that is more
representative of a modular robot.

The proposed communication architecture can also
have applications in the wider distributed robotics com-
munity as well as in systems requiring scalable mesh net-
works. In fact any mesh network in which communica-
tion amongst nodes is purely local can potentially benefit
from this network architecture.
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