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Abstract—Multiple-Input Multiple-Output (MIMO) technolo-
gy has become an efficient way to improve the capacity and
reliability of wireless networks. Traditional MIMO schemes are
designed mainly for the scenario of configuous spectrum ranges.
However, in cognitive radio networks, the available spectrum is
discontiguous, making traditional MIMO schemes inefficient for
spectrum usage. This motivates the design of new MIMO schemes
that apply to networks with discontiguous spectrum ranges. In
this paper, we propose a scheme called VSMC MIMO, which
enables MIMO nodes to transmit variable numbers of streams
in multiple discontinuous spectrum ranges. This scheme can
largely improve the spectrum utilization and meanwhile maintain
the same spatial multiplexing and diversity gains as traditional
MIMO schemes. To implement this spectral-efficient scheme
on cooperative MIMO relays in cognitive radio networks, we
propose a joint relay selection and spectrum allocation algorithm
and a corresponding MAC protocol for the system. We also build
a testbed by the Universal Software Radio Peripherals (USRPs)
to evaluate the performances of the proposed scheme in practical
networks. The experimental results show that VSMC MIMO can
efficiently utilize the discontiguous spectrum and greatly improve
the throughput of cognitive radio networks.

I. INTRODUCTION

MIMO technology has become an efficient way to improve
spectrum efficiency, and is adopted in WLAN, WiMAX and
LTE. Multi-user MIMO system can be deployed in cognitive
radio (CR) [1][2][3][4] networks. Traditional MIMO schemes
are designed mainly for the scenario of contiguous spectrum
ranges. However, in CR networks, the available spectrum
is discontiguous, and they can be combined into multiple
nonadjacent channels. To make full use of spectrum resources
in CR networks, a question that how MIMO nodes operate on
multiple nonadjacent channels raises.

In this paper, we propose a new scheme: VSMC MIMO
(Variable numbers of Streams on Multiple Channels of MIMO
system). The VSMC MIMO scheme allows MIMO nodes
to transmit or receive variable numbers of data streams on
multiple channels, thus this scheme can significantly improve
the throughput or reliability of data transmission and make
full use of spectrum resources.

We give a simple example to illustrate the VSMC MIMO
scheme. As shown in Fig. 1, there are one transmitter S and
three receivers R1, R2, and R3. The numbers of antennas
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Fig. 1. VSMC scheme: variable numbers of streams on multiple channels

The arrow lines indicate the numbers of data streams between transmitters
and receivers, and do not mean the actual signals at the antennas. All the
figures in this paper adopt this approach for simpler illustration.

of them are four, one, two and one. We regard the four
nodes as a “virtual MIMO” system. With techniques such as
beamforming, S can transmit four streams concurrently to R1,
R2 and R3. Since that the spectrum are occupied by primary
users (PUs), the available channels at four nodes are different,
as shown in Fig. 1. Nodes can communicate with each other
if they share common channels. In the traditional approach,
we can transmit four streams concurrently on channel one.
This approach wastes the available channel two and channel
three. In contrast, by using our VSMC MIMO scheme, S can
transmit four streams to R1, R2 and R3 on channel one, three
streams to R1 and R2 on channel two and one stream to R1
on channel three concurrently.

There are several challenges to realize the VSMC MIMO
scheme:

o Traditionally, one radio only operates on one channel.
But in VSMC MIMO scheme, one radio should transmit
or receive signals on multiple (probably discontiguous)
channels simultaneously. Also, inter-channel interfer-
ences should be eliminated to ensure correct transmission.

e In most MU-MIMO systems, MIMO nodes only transmit
message in a contiguous frequency range, so the Channel
State Information (CSI) is easy to estimate. However, in
VSMC MIMO scheme, MIMO nodes have to calculate C-
SI of several discontiguous frequency ranges. In addition,
the VSMC MIMO scheme allows variable numbers of
streams transmitted on multiple channels, so data streams
on different channels should be processed individually,
which complicates the signal processing.
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In cognitive radio networks, the available spectrum and
traffic demands of MIMO nodes may be different. Some
MIMO nodes have low traffic demands and abundant spectrum
resources, while other MIMO nodes have poor resources and
they can not meet their traffic demands, so resource abundant
MIMO nodes can act as relays to leverage traffic demands
of resource poor MIMO nodes [5][6]. The VSMC MIMO
scheme is very suitable for implementing MIMO relays in
cognitive radio networks since this scheme can effectively use
the spectrum resources.

In our paper, we design the VSMC MIMO scheme to deal
with spectrum heterogeneity at MIMO nodes and implement a
real system of cooperative MIMO relay that involves VSMC
MIMO scheme based on USRP platform. The contributions of
this work are as follows:

o To our best knowledge, this work is the first one to
design a feasible and efficient scheme for MIMO nodes
to transmit variable numbers of streams on multiple
channels. The proposed VSMC MIMO scheme can make
full use of available spectrum and achieve spatial mul-
tiplexing/diversity gain of MIMO system. In addition,
we use the VSMC MIMO scheme to implement MIMO
relays in cognitive radio networks.

o We define the relay selection and channel allocation prob-
lem to implement cooperative MIMO relay in cognitive
radio networks, and propose an algorithm to address it.
To make the MIMO relay scheme workable and reliable,
we also propose a MAC layer protocol to deal with
the coordination and synchronization of all the nodes in
cognitive radio networks.

e We build a system of cooperative MIMO relay that
involves VSMC MIMO scheme based on USRP platform.
The experimental results show that implementing MIMO
relays with VSMC MIMO scheme can significantly im-
prove the total throughput of the network.

The organization of the rest of this paper is as follows:
Section II introduces related work. We describe how to use
VSMC MIMO scheme to implement cooperative MIMO relays
in Section III. The relay selection and channel allocation prob-
lem for implementing cooperative MIMO relay in cognitive
radio networks is solved in Section IV. A MAC layer protocol
is proposed to coordinate all the nodes in cognitive radio
networks in Section V. In Section VI, we describe the system
of cooperative MIMO relays in cognitive radio networks, and
evaluate the experimental results. Conclusion is presented in
Section VII.

II. RELATED WORK

There are many studies on cooperative relay and resource
allocation in cognitive radio networks [7][8][9]. Jia et al.
first proposed a cooperative relay scheme in cognitive radio
networks and implemented a prototype [7]. They improved
the prototype and comprehensively analyzed the performance
of cooperative relay implementation [8]. In [9], Jia et al
investigated the throughput and delay scaling law in the hetero-
geneous cognitive radio networks with cooperative secondary

users. However, these works only considered SISO nodes in
cognitive radio networks. Deploying MIMO nodes in cognitive
radio networks was discussed in [10][11][12][13][14][15] [16].
In [10][11], the authors mainly focused on physical layer
improvements of MIMO relay. Qin et al. in [10] proposed a
new method to calculate channel information between source
and relay. A robust beamforming method under imperfect
channel knowledge was proposed in [11] to appropriately
share spectrum between PUs and secondary users (SUs). A
joint scheduling and transmitting scheme for MIMO relay
was proposed in [12]. This scheme aimed at ensuring highly
spectrum usage to improve the total throughput of the network.
Resource allocation problems of MIMO relay in cognitive
radio networks were discussed in [13][14][15]. In [13], Li
et al. investigated the joint power allocation problem for
MIMO-OFDM cognitive radio networks based on environ-
mental learning algorithms. Cooperation of SUs and power
allocation were jointly discussed in [14], where a low com-
plexity approach was proposed to solve the resource allocation
problem to maximize the achievable data rate of SUs. Abbasi-
Jannatabad et al. in [15] studied the cooperative beamforming
and relay selection problem, and power allocation was also
considered. In [16], Gao et al. explored the MIMO-empowered
CR network to achieve the ultimate flexibility and efficiency
in dynamic spectrum access and spectrum utilization. They
developed a mathematical model to optimize the maximize
throughout. In contrast to the above work, we implement a
real system of cooperative MIMO relay that involves VSMC
MIMO scheme to demonstrate the high performance of the
proposed scheme.

III. VSMC MIMO SCHEME IN COOPERATIVE MIMO
RELAY

In this section, we describe how to implement cooperative
MIMO relay using the VSMC MIMO scheme in cognitive
radio networks. First, we give a simple example to illustrate
why we select some MIMO (or SISO) nodes as relays in
cognitive radio networks. Then, we explain why the VSMC
MIMO scheme is suitable to be implemented in MIMO (or
SISO) relays, and finally we present the details on how to
implement the VSMC MIMO scheme.

A. Cooperative MIMO Relay

In the network we consider, there are several PUs that
have the licensed spectrum, one access point (AP) and sev-
eral SUs. This AP has multiple antennas to get the spatial
multiplexing/diversity gain. Some SUs are equipped with
multiple antennas while others with single antenna. The SUs
are allowed to use the spectrum of the PUs to communicate
with AP when PUs do not occupy the spectrum. The AP and
SUs periodically sense the spectrum to update the information
of availability of channels.

We explain an example of cooperative MIMO relay in
cognitive radio network shown in Fig. 2(a). The AP is e-
quipped with three antennas, and three SUs D1, D2 and
R1 are equipped with one, two and three antennas. During
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Fig. 2. An example for cooperative MIMO relays in cognitive radio networks

a transmission time period, the channel conditions of the four
nodes are also shown in Fig. 2(a). Two nodes can communicate
with each other if they share common channels. We assume
that the data rate of each stream on one channel is 10 Kbps.
We also assume that MIMO nodes try to obtain their spatial
multiplexing gain to achieve larger throughput. The traffic
demands of D1, D2 and R1 are 15 Kbps, 30 Kbps and 0
Kbps respectively. In the traditional approach, AP transmit
three streams to D1 and D2 on their common channel one
while no message is sent to /21 as shown in Fig. 2(b). However,
in that case, the traffic demands of D1 and D2 are not satisfied.
In addition, spectrum resources such as common channel two
between AP and R1, common channel three between R1 and
D1 and common channel four between R1 and D2 are not
used. Here, R1 is a resource abundant node, so we can let R1
be a relay for D1 and D2 to relieve their traffic demands. The
process is shown in Fig. 2(c)(d). We divide the transmission
time into two time slots. In time slot one, AP transmits three
streams to D1 and D2 on channel one and three streams to
R1 on channel two. In time slot two, AP keeps transmitting
three streams to D1 and D2 on channel one, meanwhile, R1
decodes the messages sent by AP, forwards one stream to D1
on channel three and two streams to D2 on channel four.
In this case, the otherwise wasted channel two, three, four
are well used and the traffic demands of D1 and D2 can be
satisfied. The total throughput of the network increases 50%,
the throughput of D1 and D2 increases 50% respectively.

B. Utilization of VSMC MIMO scheme

The VSMC MIMO scheme can be used to implement
cooperative MIMO relay in cognitive radio networks. From
the above analysis, we conclude that using resource abundant
nodes as relays can significantly improve the total throughput
of the network. And to implement the MIMO relay, one
MIMO node needs to transmit variable numbers of streams on
multiple channels to multiple destinations, e.g., the AP in time

slot one and R1 in time slot two. The VSMC MIMO scheme
can effectively solve this problem and can be implemented on
the cooperative MIMO relay.

C. Fundamental Components of VSMC MIMO scheme

To implement VSMC MIMO scheme, we have two consid-
erations. First, one radio should transmit or receive signals on
multiple (probably discontiguous) channels at the same time.
Second, the interferences of several concurrent transmissions
should be eliminated.

We adopt the Discontiguous Orthogonal Frequency Division
Multiplexing (D-OFDM) scheme [17] to allow a single radio
to operate on multiple channels. In D-OFDM scheme, several
contiguous orthogonal subcarriers can be combined into a
channel, and we can modulate the message onto the corre-
sponding subcarriers to transmit message on multiple channels.

The transmitters and receivers can be viewed as a “virtual
MIMO” system on a specific channel, so we can use pre-
coding methods to remove the impact from data streams on
the same channel. Most of the pre-coding methods of MIMO
system can be used in this VSMC MIMO scheme. Pre-coding
methods such as the Space Time Block Code (STBC), the
Space Time Trellis Code (STTC) can achieve diversity gain,
and the Vertical Bell Laboratories Layered Space-Time (V-
BLAST) code can obtain spatial multiplexing gain. In this
paper, we use V-BLAST in our scheme to obtain spatial
multiplexing gain and achieve high data rate.

We combine the D-OFDM scheme with MIMO techniques
to implement VSMC MIMO scheme, and the fundamental
components of the VSMC MIMO scheme are as follows.

1) Baseband Signal Processing: In the VSMC scheme, re-
ceivers should receive signal on some channels while eliminate
signal on other channels. To correctly receive and decode
signal on multiple channels, we use a low-pass filter to get
the desired signal on certain channels in baseband, which can
remove noises and interferences from other channels. Assume
that the desired baseband signal is on channel one, whose
frequency range is [f1, f2]. On the receiver side, the first step
is to shift the frequency of the received signal by ! 1'§f 2. Then,
the signal pass the corresponding low-pass filter. After that,
the signal are shift back by — —htfe ”’ 2. By doing this, signal
in the symmetric frequency [— fz, fl] is not kept, and the
interferences from other channels are removed.

2) Preambles on Part of Subcarriers: The VSMC MIMO
scheme needs to transmit and receive packets on part of the
subcarriers that are related to the working channels. As a
consequence, the preambles for time synchronization and the
training sequences for channel estimation should be added
individually on the corresponding subcarriers. Based on the
preambles added before each packet, we can use correlation
algorithm to detect the beginning of each packet. The pream-
bles are also used to calculate the carrier frequency offset.
We assume that the channel is quasi-stationary and does not
change during the transmission, so the training sequences on
the certain subcarriers can be used to estimate the CSI between
transmitters and receivers.
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3) Coding Methods in VSMC MIMO scheme: We use V-
BLAST pre-coding method in VSMC MIMO scheme. Other
pre-coding methods can also be used to in VSMC MIMO
system. There are several decoding algorithms for V-BLAST,
such as Zero Forcing (ZF), Minimum Mean Square Error
(MMSE), and Maximum Likelihood (ML). In our scheme, we
adopt ZF algorithm on the receiver side. ZF algorithm is a
low-complexity algorithm which is widely used in wireless
system. Under high signal-to-noise-ratio (SNR) and perfect
CSI condition, ZF algorithm can effectively achieve the spatial
multiplexing gain of MIMO system.

4) Channel States Information: In ZF algorithm, the MI-
MO receivers have to calculate the CSI between transmitters
and receivers. The CSI is estimated by the method Linear
Least Squares Estimate (LLSE). We have to calculate the CSI
based on the training sequences inserted on the corresponding
subcarriers. The CSI is the fundamental component of ZF
algorithm in V-BLAST pre-coding method.

IV. RESOURCE ALLOCATION

In this section, we move on to the network perspective.
In practical cognitive radio networks, there are several SUs,
that are served by one AP in a certain area. We only consider
downlink transmission in our work since the analysis of uplink
transmission is similar to downlink. To implement MIMO
relays in cognitive radio networks, we need to appropriately
allocate the spectrum to nodes and select nodes as relays.
We first model the network, then formulate the resource
allocation problem and finally propose a heuristic solution to
this problem.

A. Network Model

We consider a cognitive radio network with one AP and
N SUs [7]. AP is a MIMO node, and SUs consist of
both MIMO nodes and SISO nodes. V = {vg,v1,...,Un}
represents the N + 1 nodes, where vy denotes the AP node,
and {v1,vs,...,un} are SU nodes. € = {ei; }(nN+1)x(N+1)
represents the direct links between nodes, where e;; = {0, 1}
(0 < 4,7 < N). e;; = 1 means there exists a direct link
between node v; and v;, and e;; = 0 otherwise. We assume
that the direct link between two nodes is bidirectional and thus
symmetrical, that is, e;; = e;;. We use D = {d1,ds,...,dn}
to denote the data demands that SU nodes need to receive
from vy (AP).

We define the antenna matrix A = {ag,a1,...,an} (a; >
1,0 < ¢ < N), which represents the number of antennas that
each node is equipped with.

We assume that the available frequency range is [f1, f2],
which is channelized into K channels with same bandwidth,
given channel matrix H = {EO, El, ce ﬁN}, where h; is a
K-dimension vector that represents the channel availability
at node v;. In some areas of the cognitive radio network,
parts of the channels are occupied by PUs, so these chan-
nels are blocked for secondary transmission. We ignore the
heterogeneity of the available channels at each node, and
write h; as h; = {h},h2 ... hE}, where h¥ = {0,1}

1<EkE<K 0<i<N). hf = 1 means that the channel k
at node v; is available, and hf = 0 means unavailable.

B. Problem Formulation

In this subsection, we formulate the joint channel allo-
cation and relay selection problem. We denote the chan-
nel assignment matrix as C = {EZJ}(N+1)><(N+1)’ where
Gj = {cij ey ,els} (0 <4, < N) and ¢ = {0,1}
a < k<KO<zg<N)c—cé‘zcé“j—lmeans
that channel k is assigned to link e;; for data transmission,
and c = 0 otherwise. Thus, allocating channels to nodes
for transmlssmn transforms to properly choosing the value c£; f
(0 <4,7 < N). The constraint of channel assignment can be
given:

cf; <hSRY, 1<i,j <N, Vk. (1)

Constraint (1) indicates that channel k can be assigned to link
e;; for transmission if and only if channel k is available at
both node v; and v;.
Since the VSMC MIMO scheme is adopted in our system,
a node can transmit or receive multiple data streams on one
channel concurrently. We denote the data streaming matrix as
= {8ij}(w+1)x(+1), Where 5i; = {si;,s7;,..., 5[} (0 <
i,j < N)is a K-dimension vector, and s;; (1 <k < K, 0 <
1,7 < N) denotes the amount of data streams transmitted on
link e;; on channel £, s” = s . We regard the system as a
“virtual MIMO” system, so the constralnts for sk 0<i,y <
N) can be given:

N N
N sk < minfa;, > cbas}, Vi, v, %)
7=0 =0

N N
> sk <minfaj, > cfa}, Vi, k. 3)
=0 i=0

Constraint (2) (3) indicate that the amount of streams
can not exceed the minimum number of antennas of the
transmitters and receivers.

We need to properly schedule the concurrent transmissions
and choose the relay nodes in the network to maximize the
total throughput. Therefore, we define a relay matrix R =
{rij}nxn, where r;; = {0,1} (1 < 4,5 < N) represents
whether node v; help node v; relay data transmission or not;
r;; = 1 means node v; works as a relay node for node v;, and
r;; = 0 otherwise. We assume that one node can be a relay to
several nodes and one node can have several relays. Assume
this system is half duplex, i.e., the transmission between two
nodes is unidirectional at any time. We have the following
constraints for relays.

1) channel availability: the relay link can exist if and only
if there exist assigned available channels between two
nodes, i.e.,

i < max{c; BV 1<i,j<N. 4

2
ijs Cigr -5 Cij

2140



2015 IEEE Conference on Computer Communications (INFOCOM)

2) half duplex: if a node is relayed by other nodes, it cannot
be a relay, i.e.,

N
rig 3 =0, 1<ij.j' < N. 5)
i=1

We denote the data transmission rate matrix as ® =
{¢zg} (N+DX(N+1); where ¢;; = {01, 0%, 05} (0 <

i,7 < N), and(,b” 1<Ek<K, 0<i,57<N)denotes the
data transmission rate of link e;; on channel k. We partition
time into time frames with fixed length At. Since there can
be two kinds of transmission in the network: one is direct
transmission, and the other is relay transmission. In the relay
transmission process, node vy first transmits data to relay
v; in the first half of time in one frame, and then relay v;
retransmits the message to end user v; in the next half of the
frame. Assume that for any transmission link e;; in any given
time period, the transmission rate ¢ is constant on any data
stream. Thus, given a link e;; and its stream vector 5;;, its
data transmission rate for link e;; can be expressed as

K K
=Y = &8t 6)
k=1 k=1

Given the transmission rate and transmission time, we can cal-
culate the throughput for SU nodes as I' = {71,72, ..., YN }-
We observe that, if node v; receives data from vy (AP) on
channel k directly, the average throughput of link egp; on

channel £ is
Yoi = Ar  Poir

However, if node v; acts as a relay, it receives data from v
on channel k, and forwards the data to node v; on channel %/,

then the average throughput of link eg; on channel k£ reduces
to

bAE 1
h=2000 = 2o, ®)

and the average throughput of link e;; on channel &’ is the
same if the capacity of link e” 1s large enough, namely %J =
2¢01, since v; only receives 5 At message from vy.

Next we analyze the average throughput of nodes in the
network. We can divide the nodes into three categories: direct-
receiving nodes, relay nodes and relay-assisted nodes. We cal-
culate throughputs of these three kinds of nodes individually
as follow:

1) direct-receiving node: if all transmissions of node v;
are direct transmission and no relays are involved, i.e.,
ijzl ri; = 0 and Z;-V:]_Tji = 0, the throughput of
node v; (1 <7< N)is

K
~ila = min (Z Espy, di> : 9)

k=1
2) relay node: if node v; acts as a relay, the throughput of
own data of node v; (1 <i < N) is

1
Yilr = min (Z 25S§i>di> ;

k=1

(10)

3) relay-assisted node: if node v; receives data from node
vg with the help of relay node v; (1 < j < N), ie
r;; = 1, the throughput of node v; (1 < ¢ < N) is:

il = min Z¢Oz + ZTW

j=1

min <Z Qb]wz %WSJ - ’Yj|r> ,di> .
=1

Under a certain relay relationship ‘R and channel selection
C, the throughput of node v; (1 < i < N) can be written as

(1)

vi=(1-R)(1-R,

where

) Yilg + Ril, + Ravily,, (12)

N
1if S 7y > 1.
R= j; ! (13)

0, otherwise.

N
1,1f T4 Z 1.
R, = j; / (14)

0, otherwise.

Then the optimization problem is, given demands of each
node D, to find a feasible relay selection and channel allo-
cation strategy {R,C} such that the total throughput of the
system is maximized. This problem can be expressed as

15)

s.t. (1)(2)(3)(4)(5)
C. Heuristic Solution for Resource Allocation

The optimization problem (15) is complex, and it is difficult
to obtain the close-form solution. Thus, we propose a heuristic
solution in centralized manner to solve this problem. First, we
propose the following proposition.

Proposition 1 (Node selfishness): Assume that all users
(nodes) are individual rational, and if the traffic demand of
a node is not satisfied, it will not act as a relay for other
nodes. It is easy to understand and we omit the proof here.

(I) Direct transmission: We need to obtain achievable data
rates of nodes and compare achievable data rates with their
traffic demands. Therefore, we try to achieve the maximum
throughput of the network without relay transmission, the
optimization problem (15) can be simplified to

max

N
)
s.t. (1)(2)(3).

The joint channel selection and channel assignment problem
for direct transmission is similar to that of [7]. And this
problem can be transformed to a max flow problem.

(16)
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Given D and H, we can draw a graph (G; representing the
direct transmission procedures. We regard the AP as the source
node. Each channel is denoted by a channel node k£ (1 < k <
K). If channel k is available at AP, the channel node k£ is
connected to source node with the weight ap&. Every SU is
represented by a user node. If channel k is available at node
v;, the corresponding node is connected to channel node &
with weight a;£. All the SUs are connected to a sink node
X1, and the weight of each link is the corresponding user
demand in D = {dy,da,...,dn}. After that, the optimization
problem (16) is transformed to a max-flow problem, and we
can use Hungarian Algorithm to solve the channel assignment
problem in polynomial time.

After solving the max-flow problem, we mark clgj =1 and
let slgj equal to the weight of the path divided by ¢ if the
path between channel node k and user node v; is chosen,
otherwise c;; = s; = 0. Thus, we have the results of channel
assignment and data stream assignment between the AP and
the user nodes. Next, we can know whether user node v; is
self-sufficient or not, based on whether its data demand d; is
less than or equal to the direct transmission throughput ;|7
or not, where ;|rg = Zszl 58’&. If d; < 7i|rH, the node v;
can fulfill its data demand with excessive ability to transmit
data, so it is a potential relay of other nodes and we add it to
set Y'; otherwise, if d; > ~;|7x, the node cannot support itself
and needs help from relay(s), then we add it to set Z. Thus
we can get two sets of nodes, and the next step is to match
the nodes in these two sets.

(IT) Relay selection: In this step, we find a match M that
maximize the overall throughput of the network. That is, for
each node in Z, we find its matching node(s) in Y to serve
as relay(s), and allocate the corresponding channel(s), so that
(15) can be solved.

This is a complex matching problem. First, for each node
in Y, we calculate its relay potential P = {p;|v; € Y'}, where
pi =1 Zle fs’gi) —d;. If p; < 0, v; is removed from
Y, and for each node in Z, we calculate its data gap G =
{gjlv; € Z}, where gj = d; — >4, Esh.

Once P and G are obtained, we can create graph Go. We
first set a source node S. Each node v; in set Y is denoted
by node R; in G5. There are links between S and every R;,
and the weight of each link is p;. Channel £ that satisfies
clgi = 0 is denoted by a channel node C}, channels that do
not satisfy it are not included in graph G5 since those channels
are occupied by the direct communication with AP. Each node
v; in set Z is represented by a destination node D;. If channel
k is available at node v;, there is a link between R; and C},
with the weight %aif. If channel £ is available at node vj,
there is a link between D; and C), with the weight $a;¢. All
D; connect to sink node X» with their corresponding weight
g;- Thus, this problem is also a max-flow problem, and we can
solve it using Hungarian Algorithm, or other greedy algorithm
in polynomial time.

After solving the second max-flow problem, we mark r;; =
1 if the path between node v; and user node v; is chosen,

frequency

<. AP — D3| | AP — D3

=}

£ | B AP — D2| | AP —> D2
s E|E 5
£ g g ;’j) Ml —»= D3
= = % R Ml —= D2

= 5 AP —% Ml

&)

AP — DI | | AP — DI
t+T

Control | Transmission
[

[
t-T Frame N-1 t

time
T

t+T Frame N+1 t+2T

Fig. 3. MAC layer design

Frame N

otherwise 7;; = 0. Thus, we obtained the relay assignment R.
With the results of these two steps, we can get the complete
channel assignment C and data stream assignment S, so the
whole relay selection and resource allocation are completed.

V. MAC LAYER DESIGN

The analysis in previous sections demonstrates that using
VSMC MIMO scheme to implement cooperative MIMO relay
in cognitive radio networks can significantly improve the total
throughput of the network. However, implementing coopera-
tive MIMO relay needs good organization and coordination
of all the nodes in the network. To make cooperative MIMO
relay scheme workable and reliable, we propose a MAC layer
protocol to coordinate all the nodes in the network.

We assume that the whole network is in global synchroniza-
tion [7]. The transmission process is based on frames, and the
length of the frame is fixed and properly set to avoid intolerant
disturbance to the PUs. The frame structure is depicted in
Fig. 3. Each frame is composed of two parts: control part
and transmission part. The control part is for sharing control
message, and the transmission part is for transmitting message.
We assume that there is a common channel among all the
nodes in the network, and nodes share information on this
common channel during the time period of control part. Then
during the time period of the transmission part, nodes turn to
their assigned channels to transmit message.

In our scheme, AP acts as a central controller. In the
control part, first, AP broadcasts a header to all the nodes
in the network to synchronize all the nodes. Then, nodes
gather the information of their traffic demands and available
channels and send the information to AP in order. Next, AP
uses the gathered information to run the relay selection and
channel allocation algorithm. The result of resource allocation
is broadcast on the common channel to all nodes. After that, if
pre-coding methods need information of CSI on the transmitter
side, nodes can transmit training sequences on their assigned
channels to AP and then relay-assisted nodes transmit training
sequences to their relay nodes to calculate the corresponding
CSI. Otherwise, the control part is over.

In the transmission part, nodes start to communicate with
each other based on the resource allocation decision made
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Fig. 4. Transmitting chain

Insert Null

by AP. If a node directly communicate with AP, it receives
message from AP on the assigned channels during the trans-
mission part, e.g. D1 in Fig. 3. If a node is selected as a
relay, e.g. M1, first, it receives message from AP during the
first half of time in transmission part, then retransmits message
to its destinations, e.g. D2 and D3, in the next half of time in
transmission part. Nodes such as D2 and D3 receive message
from AP during the first half of time in transmission part
and then receive message from AP and their relays in the
second half of time in transmission part. There is a small
time interval between these two transmission parts, which is
important for relay nodes to switch work mode, decode and
precode messages, and synchronize with other nodes.

VI. TESTBED DESCRIPTION AND EXPERIMENTAL
RESULTS

In this section, we first describe the system of cooperative
MIMO relay in cognitive radio networks. Then, we present
the experiments and evaluate the experimental results.

A. Testbed Description

We implement the system of cooperative MIMO relay that
involves VSMC MIMO scheme in cognitive radio networks
based on USRP and LabVIEW. We implement VSMC MIMO
scheme based on the existing codes of MIMO technology
introduced in [18]. Our system includes a secondary MIMO
AP and several secondary SISO and MIMO end users. Each
node consists of one or multiple USRPs. The nodes are
connected to a general purpose computer through a Gigabit
Ethernet Switch. The VSMC MIMO scheme and resource
allocation algorithm are implemented in software.

We use the NI USRP 2920, which is designed to operate
in the 2.4 GHz or 5 GHz frequency range. The channel
bandwidth can reach up to 20 MHz, and the maximum gain for
transmission is 30 dB. We main process the baseband signal
at the NI USRP joint with LabVIEW platform. We use MIMO
cables to connect two USRPs as a pair to ensure that they share
the same operating frequency. An external clock provides a 10
MHz clock and Pulse Per Second (PPS) signal (0-5 V, 1 Hz
square-wave) to all the pairs to synchronize all the nodes of
the testbed. We use a computer equipped with dual-core 3.20
GHz processors and 4 GB of memory to control USRPs.

We implement the system setup in LabVIEW on the PCs.
LabVIEW is a graphical programming language that is used
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Fig. 5. Receiving chain
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to quickly develop systems by controlling hardware with
blocks of LabVIEW code called virtual instruments [19]. The
processes of transmitting and receiving are shown in Fig. 4.
and Fig. 5.

On the transmitter side, each packet is sent through one
stream on a specific channel. For a certain channel, we
generate the streams using V-BLAST pre-coding method. For
each stream, pilot subcarriers are first inserted to help exactly
calculate the CSI of the transmitting stream to remove residual
perturbation of the signals on the receiver side. Next, training
sequences are inserted into multiple packets on corresponding
subcarriers. Training sequences for multiple packets are dif-
ferent. Null subcarriers are inserted to guarantee the guard
bands between channels. After doing Inverse Fast Fourier
Transform (IFFT) and adding cyclic prefix (CP), the preambles
for symbol synchronization are added. The symbols then pass
a pulse shaping filter and are sent by USRPs.

On the receiver side, receivers open or close switch to get
the signals on the desired channels. For each channel, receivers
process the corresponding streams. For each stream, the sig-
nals first pass a matched filter, then the central frequencies of
the expected signals on the channel are shifted to zero. Next,
the signals are filtered by the corresponding low-pass filter,
and shifted back to the original frequencies. We employ the
low-pass filter because its performance is better than that of the
band-pass filter or the high-pass filter in LabVIEW. Next, we
do the correlation for symbol synchronization, remove CP, and
do the Fast Fourier Transform (FFT). After that, we calculate
the CSI of all the streams on the channel. With the CSI,
we use decode method ZF to get the original signals. After
demodulation, we can get the message sent by transmitters.

Some of the modules such as symbols modulation and de-
modulation in transmitter and receiver chain are implemented
natively in LabVIEW, other modules such as correlation for
time synchronization and channel estimation are implemented
in MATLAB and ported over to LabVIEW using embedded
MathScript blocks [19].

There are many latencies in the platform of NI USRPs and
LabVIEW, which hamper the performance of the system. For
example, the time spent on running MathScript functions is
highly relied on the performance of the connected computers.
In addition, there is a hardware constraint that USRPs require
a continuous stream of data for transmission or else an
underflow occurs at the transmitter. We need to pad zeros
between packets to guarantee multiple packet transmission,
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which lowers the sampling rate of packet transmission. The
latencies and constraint have been discussed in [18] , We have
taken consideration of these latencies and constraint in the
experiments.

In the experiments, we compare the results of the coopera-
tive MIMO relay scheme and the traditional approach (TA)
without MIMO relay. In the experiments, the I/Q rate is
400 K/second, the carrier frequency is 915 MHz, and pulse
shaping samples per symbol is 8. Each channel is composed
of 20 subcarriers, in which 2 subcarriers are used for pilot
subcarriers to better calculate the CSI. We set 12 guard
subcarriers between two adjacent channels. Each stream can
support about 10 Kbps data rate. The actual transmission date
varies due to the condition of channels. The data rate is not
very large due to the fact that the signals are processed on
computers, but the scheme can support larger data rate. Each
packet is composed of 2880 bits. Each run transmission 20
packets in downlink. We repeat the downlink transmission for
100 times. We get the throughput of the system in cooperative
MIMO relay scheme and traditional approach.

B. Experiments of Two End Users

First, we design two setups of two end users in a cognitive
radio network. The topology of the first setup is shown in Fig.
6(a). In this setup, the AP and node R have two antennas,
the other receiver D has only one antenna. The numbers on
the dashed lines indicate the numbers of common available
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channels between two nodes. The traffic demands for D and R
are about 25 Kbps and 10 Kbps respectively. In the traditional
approach, receiver R could meet its traffic demand but waste
large parts of its available spectrum. Receiver D, however,
could not meet its traffic demand. In the MIMO relay scheme,
according to the resource allocation algorithm, relay R can
receive four streams on the two available channels during the
first time slot and retransmit packets to D in the next time
slot, which can improve the throughput of D and the system.
The MIMO relay transmission process is described in Fig.
6(b). The solid arrows denote the numbers of transmission
channels without MIMO relay and the dotted arrows denote
the added working channels in MIMO relay scheme. The gain
of the throughput of the system can achieve 50% in theory by
adopting a MIMO relay.

In the next setup shown in Fig. 6(c), the numbers of
common available channels between AP and R, R and D
have changed. Other parameters are the same as that of the
first setup. According to our resource allocation algorithm,
relay R receives five streams during the first time slot, then
forwards three streams to D in the next time slot. Node D
receives message from AP during all the transmission time.
The MIMO relay transmission is shown in Fig. 6(d). The gain
of the throughput of the system can achieve 75% in theory
because this one employs more spectrum resources.

The experimental results of two secondary end users are
shown in Fig. 7. In the first setup, the average throughput of the
system increases 34.74%, compared to the traditional approach
without MIMO relays. In the second setup, the average gain
of the total throughput of the system achieves 55.02%.

C. Experiment of Three End Users

We consider the scenario of three end users in the cognitive
radio network. The topology of three end users is shown in Fig.
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8(a). In this case, the AP and receiver R have two antennas
as in the previous experiment. The node D1 and D2 have one
antenna respectively. The traffic demands for D1, D2 and R
are 15 Kbps, 15 Kbps and 0 Kbps respectively. According to
our algorithm, node R receives packets of D1 and D2, and
then forwards them to D1 and D2 as shown in Fig. 8(b). The
theoretical gain of the system is 50%.

Our experiment result of three secondary end users is shown
in Fig. 9. The total gain of the system is increased by 34.11%.

D. Evaluation of Experimental Results

There is a gap between the theoretical analysis and the
experimental results. The main reason is that the relay nodes
need time to switch from receiving mode to transmitting mode.
Also, with the decode-and-forward scheme, relay node has
to spend time on decoding and recoding message. Moreover,
signal processing rate of the USRP joint with LabVIEW
platform is slow and variable, which effects data transmissions.

Comparing the results of the two setups in experiment of
two end users, we know that using more spectrum resource
would increase the throughput of the network. These results
prove the effectiveness of the proposed resource allocation
and relay selection algorithm, since the algorithm encourages
nodes to utilize the available spectrum as much as possible.

VII. CONCLUSION

In this paper, we propose a new scheme called VSMC
MIMO to make full use of the discontiguous spectrum in
cognitive radio networks. VSMC MIMO allows MIMO nodes
to transmit variable numbers of streams on multiple channels
(which are possibly discontinuous) concurrently. To apply this
scheme to implement cooperative MIMO relays in cognitive
radio networks, we propose a joint relay selection and chan-
nel allocation algorithm, which can maximize the network
throughput, and design a corresponding MAC layer protocol to
coordinate the nodes in the network. We also build a testbed
based on USRP and LabVIEW platforms to implement the
proposed scheme in practical cognitive radio networks. The
experimental results show that VSMC MIMO can efficiently
utilize the discontiguous spectrum and significantly improve
the network throughput.

In our future work, we will enlarge the scale of the testbed
to evaluate the performance of VSMC MIMO in large-scale
MIMO relay systems. Accordingly, we will modify the MAC
protocol to an adaptive protocol that is applicable to large-
scale networks. In addition, we will adopt other precoding
methods in VSMC MIMO and evaluate their performances by
both analytical and experimental results. Moreover, we will
reconstruct the testbed using other software radio platforms,
e.g.,WARP [20] and Sora [21].
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