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Abstract

In this paper we explore the possibility of using Energy-Division Mul-
tiple Access (EDMA) scheme for uplink communications in a cognitive
radio context in order to allow transmission to unlicensed users overlap-
ping with the primary user in both time and frequency domains. The
proposed solution is energy consuming for unlicensed users, thus repre-
sents a viable solution when spectral efficiency and/or latency are more
crucial than energy constraints. Simulation results in scenarios with Or-
thogonal Frequency Division Multiplexing (OFDM) transmissions, both
uncoded and coded cases, are presented.

Keywords: cognitive radio, interference management, multiple access, mul-
tiuser detection, successive decoding.

1 Introduction

Radio spectrum has become a very scarce resource due to the extremely large
demand for new wireless services and applications. Most of the radio frequencies
have been assigned to licensed users and the traditional approach for spectrum
management is currently showing all its limitation. Static assignment of wireless
spectrum has filled up the available range, while the bursty nature of most
applications makes a large portion of such spectrum be unused for large periods
of time.

Cognitive radio overcomes such problems via smart radio devices sensing
the wireless medium and adapting their transmission parameters accordingly in
an opportunistic manner [1, 2, 3, 4, 5]. Secondary (unlicensed) users (SUs) are
allowed to transmit over licensed bands as long as they do not interfere with
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transmissions by primary (licensed) users (PUs) or keep the interference under
an acceptable level, thus guaranteeing a given quality of service to the PUs.
Various cooperative approaches, among SUs only as well as SUs and PUs, have
been introduced in order to maximize spectral efficiency of the wireless channel
with negligible interference to PUs: collaborative sensing among SUs to reduce
missed detection of PUs in deep fading [6]; collaborative sensing among SUs
exploiting decision fusion techniques [7]; cognitive relaying by SUs to increase
transmission opportunities [8]; potential games for concurrent PUs and SUs
communications by exploiting spatial reuse [9]. The impact of errors on the
feedback channels is investigated in [10]; group spectrum sharing and multiple
sensing is considered for energy efficiency in [11]; power and rate control in
CDMA scenarios with multiple PUs and SUs is found in [12].

Furthermore, in [13] a protocol based on sensing and prediction has been pro-
posed for WLAN networks, where SUs interference towards PUs is constrained
through prediction of WLAN behaviour. Collision probability and overlapping
time are introduced in [14] to measure the impact of SUs and propose spectrum
access schemes to protect the quality of service of the PU. Decentralized multi-
access protocols have been considered in [15] where practical considerations as
half-duplex transmissions are taken into account in the context of ad-hoc net-
works, and in [16] where in-band and out-of-band measurements are performed
to detect the presence of other users at low Signal-to-Noise Ratio (SNR).

Recently, the concept of cognitive radio has been extended at least to three
different paradigms [17]: underlay, overlay, interweave. The interweave paradigm
refers to the originally-proposed cognitive-radio architecture in which oppor-
tunistic transmissions are scheduled to exploit spectrum holes in space/ time/
frequency domains. For instance, in [18] an opportunistic spectrum access
method is derived based on the model of the interactions of PUs and SUs as
continous-time Markov chain to cope with the dynamic of the spectrum occu-
pacy. Differently, underlay and overlay paradigms refer to more sophisticated
signal processing techniques for interference management as well as multiuser
communications [19]. More specifically, the former approach allows SUs trans-
missions as long as the interference received by the PUs is kept below a given
threshold. Techniques such as spread-spectrum, ultra-wide band communica-
tions, and interference alignment are typically considered. The latter approach
makes use of non-causal PUs message information and network state informa-
tion to cancel interference via appropriate pre-coding. Techniques such as dirty-
paper coding, superposition coding, and rate splitting are typically considered.
The impact on the Quality of Service of various cognitive radio capabilities has
been investigated in [20] using game theory with reference to video stream-
ing. Additionally, architectures for management of cognitive radio systems are
proposed in [21] and the impact on signaling load is analyzed in [22].

Energy-Division Multiple Access (EDMA), a multiple-access protocol in
which different users share the same bandwidth and the same pulse and are
discriminated on the basis of the corresponding magnitude at receiver location
via successive decoding, was proposed in [23, 24]. Analytical and numerical
results were derived for uncoded transmissions over both AWGN and fading
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channels in terms of Bit Error Rate (BER) and spectral efficiency per user with
respect to the average SNR of the system and with respect to the individual
SNR that the considered user is undergoing. The two points of view made
two complementary aspects apparent. The former showed that the larger the
gain the better the performance: different users provide different contributions
to the average SNR and experience different performance with users spending
more energy performing better. The latter showed the opposite: users spending
more energy perform worse because part of their energy is used to allow the
system to support multiple users.

On the basis of these considerations, we here propose an EDMA-based strat-
egy to allow SUs (in the following also denoted interferers) to transmit within
a licensed band overlapping in time and frequency with the PU. We show ex-
plicitly how EDMA may be superimposed over Orthogonal Frequency Division
Multiplexing (OFDM) communications with Binary Shift Keying (BPSK) mod-
ulation. Channel State Information at the Transmitter (CSIT) is assumed in
order to exploit the results of EDMA with regular constellations [23, 24]. Com-
bination of EDMA with other communication techniques can be implemented in
a similar way. The proposed strategy eliminates the need of waiting for holes in
the frequency-time domain and can be integrated with cognitive systems with
sensing protocols to further reduce the interferer energy consumption. The
price is a negligible degradation of the performance of the PU, and large energy
requirements for the interferers.

2 System Model

2.1 Basic EDMA

We focus on the case in which the PU and the SUs have a common receiver.
This is suitable for specific scenarios in which a receiver is accepting signals
both from the PU and the SUs in order to increase the total throughput. We
consider the following discrete-time model for the received signal (after matched
filtering and sampling)

y = g0x0 +

N∑
n=1

gnxn + w , (1)

analogously to the EDMA scheme proposed for AWGN channels [23] and for
fading channels [24], where w ∼ N (0, σ2) is the overall additive noise, xn ∈ {±1}
and gn =

√
Enhn are the BPSK symbol of the nth user and the corresponding

gain at the receiver, with En and hn denoting the transmit energy and the fading
channel coefficient. More specifically, n = 0 refers to the PU while 1 ≤ n ≤ N
refers to the interferers. The EDMA-based cognitive radio system under analysis
is shown in Figure 1. We assume that all users are synchronous, the analysis of
synchronization errors and their effects on system performance are beyond the
scope of this paper. It is worth noticing that the considered scenario is such
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Figure 1: EDMA-based cognitive radio system under analysis.

that both PU and SUs transmit to a common receiver, i.e. the receiver allows
for SUs transmission overlapping with PU transmission.

In order to enforce a regular constellation at the receiver we assume that the
following conditions holds [23]

gn = 2n−1d , (2)

where d denotes the minimum distance of the equivalent constellation at the
receiver location. We assume that the channel is quasi-static and CSIT is avail-
able for each user in order to perform channel inversion [25]. CSIT is needed
for the nth user to compensate for the fading channel coefficient undergone
over the wireless channel via channel inversion and impose the requested gain
at receiver location, i.e. transmit with energy En = g2

n/|hn|2. When all users
transmit according to Eqs. (1) and (2), signal detection is possible via a simple
threshold-based sequential detector performing successive cancellation. Denot-
ing x̂n the detected symbol for the nth user and bn the threshold for the nth
decision, then the sequential decoder employs the following rule

x̂N−n = sign (y − bn) , (3)

where the threshold is updated recursively according to

bn = bn−1 + x̂N−n2N−nd , (4)
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Figure 2: Sequential decoder.

with b0 = 0 as initial condition. It is worth noticing that the PU information
is available after SUs information has been decoded as the decoding order is
decreasing with the user index n. The structure of the sequential decoder is
shown in Figure 2.

2.2 Multicarrier EDMA

EDMA scheme does not require any restrictive constraint on the underlying
coding and/or modulation scheme, thus can be coupled with a large variety of
protocols. Currently OFDM is a modulation format adopted in many standards,
and its characteristics looks very suited for cognitive radio systems [26]. Channel
inversion in multiuser OFDM access systems has been considered in [27].

In the next section we present the performance of a system implementing
EDMA schemes over a multicarrier transceiver with M subcarriers, and we
consider two different cases:

• uncoded transmission;

• coded transmission.

In the first case, information bits are mapped to BPSK symbols that are
spread over the M available subcarriers. The transmission is such that each user

5



Figure 3: Block diagram of the transmitter. The block “EDMA gains” refers
to the coefficients for channel inversion on the subcarriers from 1 to M for the
generic user.

Figure 4: Block diagram of the receiver. The block “EDMA decoder” refers to
the sequential decoder for the single subcarrier.

compensates the corresponding channel coefficient on each single subcarrier, in
order to obtain at the receiver a set of models like in Eqs. (1) and (2), one per
subcarrier.

In the second case, a channel encoder precedes BPSK mapping, and the cor-
responding channel decoder follows the EDMA sequential detector. We do not
consider any interleaver and assume that symbols from the same codeword are
spread over the M available subcarriers for S consecutive blocks. All the sym-
bols corresponding to the same codeword and traveling over the same subcarrier
undergo the same channel coefficient, thus requiring one single EDMA scheme
at user location. Figures 3 and 4 show the block diagram of the transmitter and
of the receiver in the coded scheme, respectively.

3 Results and Discussion

System performance in terms of BER vs individual SNR have been obtained
via computer simulations using the software Matlab. Both the PU and the SUs
employ BPSK modulation coupled with OFDM over M = 8 subcarriers. In
the case of coded transmissions, both the PU and the SUs utilize a rate-1/2
recursive systematic convolutional code with generators (7, 5)8 and with two
tail bits to enforce the final state [28]. Each codeword spans S = 50 consecutive
OFDM blocks.

Performance are averaged over 104 independent channel realizations. The
channel is assumed to be uncorrelated in frequency and, in the case of coded
transmissions, quasi-static in time. Channel coefficients are independently gen-
erated for each subcarrier according to a Rayleigh fading model [29] and, in the
case of coded transmissions, assumed constant for the entire codeword.
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Figure 5: Uncoded BPSK transmission via OFDM over M = 8 subcarriers with
independent fading. Systems with one single PU and N = 0, 1, 2 SUs. Both PU
and SUs employ channel inversion.

Figure 5 shows the performance of uncoded transmissions for systems with
one single PU and N = 0, N = 1 and N = 2 SUs. Both the PU and the SUs
employ channel inversion. It is apparent how the presence of SUs has quite
negligible impact on the performance of the PU, and also the presence of the
nth SU almost does not affect the performance of the (n− 1)th SU. Also, as a
reference term, the performance of the PU in absence of SUs and without CSIT
(i.e. not performing channel inversion) are shown.

Figure 6 shows the analogous performance in the case of coded transmissions.
The same considerations of the uncoded-transmission case apply for the coded-
transmission case.

Both Figures 5 and 6 assume that the PU employs channel inversion as well
as SUs. However, while it may be reasonable to require such processing from
SUs in order to utilize some licensed resources, the PUs could not be willing to
adopt such behavior. Figure 7 shows the performance of coded transmissions for
systems with one single PU and one single SU (N = 1) where channel inversion
is performed by the SU only. More specifically, two cases are considered: (a)
the single SU behaves as the user associated to the level n = 1; (b) the single
SU behaves as the user associated to the level n = 2. It is apparent how the SU
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Figure 6: Coded BPSK transmission via OFDM over M = 8 subcarriers with
independent fading. Each codeword spans S = 50 consecutive OFDM blocks.
Systems with one single PU and N = 0, 1, 2 SUs. Both PU and SUs employ
channel inversion.

spends much more energy than in case (b) than in case (a), but at the same time
creates much less interference to the PU as the energy is spent to better separate
the equivalent constellation at the receiver. Summarizing, channel inversion by
the PU is not a strict requirement.

It is worth noticing that a SU cannot choose its operation point arbitrarily.
The energy level must satisfy Eq. (2) in order to avoid interference to the PU,
thus the energy level depends on the operation point of the PU. Table 1 shows
the operation point of one single SU interfering with one single PU working at
BER= 10−3 in the four cases considered previously.

In this work, we have assumed that EDMA is superimposed over each sub-
carrier, while opportunistic OFDM-based cognitive radio would turn-off sub-
carriers on which PUs are active. Hybrid solutions are also possible: the SU
may decide to turn-off some active subcarriers and use EDMA over other active
subcarriers, depending on power/delay/throughput constraints. More generally,
PU constellation can be replicated in a set of conditional constellations whose
distance should be greater than the minimum distance of the PU constellation.
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Figure 7: Coded BPSK transmission via OFDM over M = 8 subcarriers with
independent fading. Each codeword spans S = 50 consecutive OFDM blocks.
Systems with one single PU and N = 0, 1 SUs. SU only employs channel
inversion. Cases (a) and (b) refer to SU transmitting according to levels n = 1
and n = 2, respectively.

4 Conclusion

We have explored the possibility of using EDMA scheme for uplink commu-
nications in a cognitive radio context. The aim was to allow transmission to
unlicensed users overlapping with the primary user in both time and frequency
domains. Simulation results in scenarios with OFDM transmissions with chan-
nel inversion at transmit location (at least for the unlicensed users) have been
presented in uncoded and coded cases. The proposed solution has shown to be
energy consuming for unlicensed users, thus representing a viable solution when
spectral efficiency and/or latency are more crucial than energy constraints.
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[26] H. A. Mahmoud, T. Yücek, H. Arslan, “OFDM for Cognitive Radio: Merits and Challenges,”
IEEE Wireless Communications, vol. 16, no. 2, pp. 6–15, April 2009.

[27] N. Bonneau, M. Debbah, A. Hjørungnes, E. Altman, “Performance of Channel Inversion
Schemes for Multi-User OFDMA,” in Proc. IEEE International Symposium on Wireless
Communications Systems (ISWCS), pp. 308–312, September 2005.

[28] J. G. Proakis, Digital Communications, McGraw Hill, 2000.

[29] T. F. Rappaport, Wireless Communications: Principles and Practice, Prentice Hall, 2002.

11


