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Abstract— Cooperative communication has been intensively
considered for general wireless and sensor networks. However,
it has been almost untouched in Space-Time-Frequency Coded
Multi-band OFDM Ultra-Wideband (STFC MB-OFDM UWB)
systems. This paper thus proposes two cross-layer designs for
cooperative communication, namely Simple Cooperative Com-
munication Scheme (SCCS) and Advanced Cooperative Com-
munication Scheme (ACCS), in slow fading scenarios. In the
former, nodes always cooperate with one another despite the
possibly erroneous reception at the partner nodes, while in the
latter, nodes cooperate only in the case of successful reception.
Simulations show that these schemes may considerably improve
the performance of STFC MB-OFDM UWB without any increase
of transmission power.

I. INTRODUCTION

Application of the emerging technologies, including Mul-
tiple Input Multiple Output (MIMO) [1], [2] and Space-
Time Codes (STCs) [3], [4], [5], to Multi-band OFDM Ultra-
Wideband (MB-OFDM UWB) [6] communications has re-
cently attracted considerable attention in order to improve
the performance and the capacity of MB-OFDM systems.
Although the integration of normal OFDM, MIMO and STCs
(referred to as STFC-MIMO-OFDM) has been intensively
considered, the association between MB-OFDM UWB, MIMO
and STCs [7], [8], has not been adequately examined yet .

Conventional OFDM systems and in MB-OFDM UWB ones
differ in the following two aspects. First, channels in the latter
are much more dispersive than those in the former, with the av-
erage number of multipaths in some channel models reaching
some thousands [9]. Second, channel coefficients in the former
are usually considered to be Rayleigh distributed, while those
in the latter are log-normally distributed [9]. Therefore, the
systems incorporating MB-OFDM UWB, MIMO, and STCs
must be more specifically analyzed, though there exist several
similarities between those systems and the conventional STFC-
MIMO-OFDM ones. In [10], [11], [12], [13], we proposed the
framework of STFC MB-OFDM UWB systems for multiple
number of transmit/reveive (Tx/Rx) antennas (see Fig. 1).

Two questions that could be raised are whether the principle
of STFCs can be applied to a MB-OFDM UWB network
where all source nodes (the transmitters, such as portable de-
vices, which transmit the source information to the destination)
are equipped with only one antenna due to their tiny physical
size, while the destination node, such as a router, might be
equipped with multiple Rx antennas, and in which scenario
this application is useful. The answer for the first question is
yes through the implementation of cooperative communication
between nodes. The basic idea of cooperative communication
is that single-antenna nodes can gain some of the benefits of
MIMO systems by sharing their antennas with each other to
create a virtual MIMO system.

Though cooperative communication has been intensively ex-
amined for general wireless networks with various exhaustive
works, such as [14], [15], [16], [17], [18], [19], [20], it has
been almost unexplored for MB-OFDM UWB. By extending
further the discussions in the aforementioned works while
taking the MB-OFDM UWB technical specifications [6] into
account, in this paper, we propose for the first time two cross-
layer designs for cooperative communication in STFC MB-
OFDM UWB, which are referred to as Simple Cooperative
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Fig. 1. Structural diagram of the proposed STFC MB-OFDM UWB system
[10], [11], [12].

Communication Scheme (SCCS) and Advanced Cooperative
Communication Scheme (ACCS), in slow fading scenario. The
slow fading UWB channels, where channel coefficients keep
constant during multiple MB-OFDM symbol time slots, are
usually found in short range indoor UWB communication.
We also consider the error performance of these cooperative
communication models in several scenarios to verify in which
scenario the application of cooperative communication is use-
ful for STFC MB-OFDM UWB.

The paper is organized as follows. Sections II and III present
the proposed SCCS and ACCS respectively. Simulation results
are shown in Section IV and conclusions are withdrawn in
Section V.

Notations: The following notations will be used throughout
the paper. The superscripts (.)∗ and (.)T denote the complex
conjugation and transposition operation, respectively. We de-
note ā•b̄ to be the element-wise (or Hadamard) product of the
two vectors ā and b̄. ND and Nfft are the number of data sub-
carriers and the FFT/IFFT size, respectively (for MB-OFDM
UWB communications [6], ND = 100 and Nfft = 128).
Further, ā.ˆ2 denotes the element-wise power-2 operation of
ā. The complex space C of a symbol s denotes all potential
possibilities that the symbol s can take, while the ND-
dimensional complex space CND of a ND-length vector s̄
denotes all potential possibilities that the vector s̄ can take. We
define 1̄ as a column vector of length ND, whose elements
are all 1. We denote ‖ . ‖F to be the Frobenius norm. Finally,
we refer the time required to transmit a MB-OFDM symbol to
as a MB-OFDM symbol time slot and that required to transmit
a symbol within STFCs to as a STFC symbol time slot, which
is the same as the MB-OFDM symbol time slot if the STFC
symbol consists of data for a single MB-OFDM symbol or is
the multiple of MB-OFDM symbol time slots if it consists of
data for multiple MB-OFDM symbols.

II. SIMPLE COOPERATIVE COMMUNICATION SCHEME
(SCCS)

This scheme is perhaps the closest to the idea of the fixed
Detect-and-Forward schemes in [15], [19]. However, it is a
cross-layer design specifically proposed for MB-OFDM UWB.
The proposed model is depicted in Fig. 2. For the brevity,
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Data transmitted from node A, time slot 1

Data of node A transmitted by node B, time slot 2

Data transmitted from node B, time slot 1

Data of node B transmitted by node A, time slot 2
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Fig. 2. Cooperative communication in MB-OFDM UWB between the source
nodes A, B, and the m-th receive antenna of the destination node D with
the pairing mode.

our proposed STFC MB-OFDM UWB systems will not be
reviewed in this paper. We would like to refer readers to [10,
Section III] for more detail about how STFCs are constructed.
We consider the application of the Alamouti STFC [3], [10]

S =
[

s̄Ai
s̄Bi−s̄∗Bi
s̄∗Ai

]
. (1)

For the ease of explanation, we first consider the case where
the STFC symbols s̄Ai

and s̄Bi
are the column vectors that

consist of the original transmitted data (i.e. before the IFFT
operation) and correspond to the i-th MB-OFDM symbols
transmitted by the nodes A and B, respectively. In fact,
s̄Ai

and s̄Bi
are not necessarily restricted to be single MB-

OFDM symbols. Therefore, we will then consider the more
generalized case where s̄Ai

and s̄Bi
are the packets of data

corresponding to multiple MB-OFDM symbols.
It is assumed that nodes are perfectly synchronized. Denote

h̄jkm =
[
hjkm,1 hjkm,2 . . . hjkm,Ljkm

]T
to be the channel

vector between the two nodes j and k, at the m-th antenna of
the node m, where j ∈ {A,B}; k ∈ {A,B,D}, (k �= j), and
m ∈ {1, 2, . . . , N} (see Fig. 2), while Ljkm is the number
of multipaths in this link. The elements of h̄jkm are modeled
as independent log-normally distributed random variables [9].
Channels are assumed to be slow fading ones, i.e. channel
vectors h̄jkm are assumed to keep constant during several MB-
OFDM symbol time slots (MB-OFDM symbol time slots and
STFC symbol time slots are the same in this case). The channel
coefficients are assumed to be known at the destination node.
Each of the source nodes A and B is equipped with only
one antenna for transmitting and receiving signals, while the
destination node D might have N antennas. In cooperative
communication, each node transmits its own data as well as
performs as a cooperative agent for another node.

In our proposed SCCS, two nodes are paired to cooperate
with one another. The issue of how to decide which nodes
to be paired with each other is out of scope of this paper.
We assume that nodes A and B need to transmit the same
number of MB-OFDM symbols (or in general, same numbers
of packets). At the first MB-OFDM symbol time slot, node
A broadcasts its symbol s̄Ai

to its partner (node B) and the
destination node D. At the same time, node B broadcasts its
symbol s̄Bi

to its partner (node A) and the destination node
D. After receiving their partner’s symbol, nodes A and B
decode the partner’s symbol. We denote the decoded symbols
at nodes A and B to be ¯́sBi

and ¯́sAi
respectively. Then

these two nodes retransmit the symbols to the destination in
the form of −¯́s

∗
Ai

and ¯́s
∗
Bi

, respectively, during the second
MB-OFDM symbol time slot. The process continues until all

Node A a2
......

b2
......Node B

Dec. a & b1 1

Dec. a & b2 2

a3

b3

-b*2

a*2

-b*1

a*1

a1

b1

-b*3

a*3

Fig. 3. Transmission protocol in the SCCS.

data are transmitted. This proposed scheme is thus referred
to as decode-and-forward scheme. This scheme is simpler
than some of the existing cooperative communication schemes,
such as [15], [19], [20], with the penalty of loosing the flexible
cooperation level between two nodes. The simplicity of the
proposed scheme results in a low system cost which is one of
the main requirements for UWB systems. The transmission
protocol in the SCCS is depicted in Fig. 3. The decoding
process of the i-th couple of MB-OFDM symbols ai and bi
at the destination node starts after 2i MB-OFDM symbol time
slots.

After the overlap-and-add operation (OAAO) [6], [10] and
FFT have been performed, the signals received at the m-
antenna of the destination node D during the two MB-OFDM
symbol time slots can be represented as

r̄1m = h̄ADm • s̄Ai
+ h̄BDm • s̄Bi

+ n̄1m

r̄2m = −h̄ADm • ¯́s∗Bi
+ h̄BDm • ¯́s∗Ai

+ n̄2m (2)

where h̄jkm := FFT (h̄jkm), n̄tm := FFT (n̄tm), while
n̄tm (t = 1, 2) denotes the column vector of complex
Gaussian noises affecting the m-th antenna of the desti-
nation node at the t-th MB-OFDM symbol time slot. De-
note h̄jkm =

[
�jkm,1 �jkm,2 . . . �jkm,Nfft

]T
and r̄tm =[

rtm,1 rtm,2 . . . rtm,Nfft

]T
.

Once the destination node receives the symbols transmitted
during the two MB-OFDM symbol time slots, it is able to
decode the symbols. In particular, if we assume theoretically
that the information transmitted from the source nodes is
error-freely received at their partner, i.e. ¯́sAi

≡ s̄Ai
and

¯́sBi
≡ s̄Bi

, the detailed maximum likelihood (ML) decoding
metrics in the cases of PSK or QAM modulation schemes
can be found in Table I (see also [10, Table II]). Clearly,
from Table I, instead of having to decode jointly the whole
ND data points corresponding to the ND data sub-carriers
(ND = 100 according to [6]) within each of the MB-OFDM
symbols s̄Ai

and s̄Bi
, each data point among these ND data

sub-carriers can be decoded separately. Thus the decoding
process is completely linear, and relatively simple. Particularly,
the decoding metrics for data at the n-th sub-carrier, for
n = 1, . . . , ND, in the MB-OFDM symbols s̄Ai

and s̄Bi
are

sAi,n = arg min
s∈C

{
|

N∑
m=1

(
�
∗
ADm,nr1m,n + �BDm,nr∗2m,n

) − s|2

+

[
− 1 +

N∑
m=1

(|�ADm,n|2 + |�BDm,n|2)

]
|s|2

}
(3)

sBi,n = arg min
s∈C

{
|

N∑
m=1

(
�
∗
BDm,nr1m,n − �ADm,nr∗2m,n

) − s|2

+

[
− 1 +

N∑
m=1

(|�ADm,n|2 + |�BDm,n|2)

]
|s|2

}
.

As mentioned previously, s̄Ai
and s̄Bi

in (1) are not neces-
sarily the column vectors corresponding to single MB-OFDM
symbols. In the more generalized scenario, they may be the
i-th packets transmitted from nodes A and B that correspond
to multiple MB-OFDM symbols. In practice, s̄Ai

and s̄Bi

can even be the column vectors of original transmitted data
(before the IFFT) of multiple MB-OFDM symbols which are
then transformed through the symbol-wise IFFT operation and
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TABLE I
DECODING METRICS IN PSK OR QAM MODULATIONS.

Symbol Decoding Metric

s̄Ai
arg mins̄∈CND ‖

{∣∣∑N
m=1

(
h̄∗ADm • r̄1m + h̄BDm • r̄∗2m

)

−s̄
∣∣.ˆ2 +

[
− 1̄ +

∑N
m=1(|h̄ADm|.ˆ2 + |h̄BDm|.ˆ2)

]

•(|̄s|.ˆ2)

}
‖2F

s̄Bi
arg mins̄∈CND ‖

{∣∣∑N
m=1

(
h̄∗BDm • r̄1m − h̄ADm • r̄∗2m

)

−s̄
∣∣.ˆ2 +

[
− 1̄ +

∑N
m=1(|h̄ADm|.ˆ2 + |h̄BDm|.ˆ2)

]

•(|̄s|.ˆ2)

}
‖2F

concatenated to form the whole payload of the Physical layer
convergence protocol Service Data Units (PSDUs) transmitted
from A and B, respectively. The proposed ACCS is belong to
this case which will be mentioned in more detail later in the
next section.

Mathematically, we can consider them as column vectors
which stack data corresponding to multiple MB-OFDM sym-
bols on each other. The column vectors h̄jkm, n̄tm and r̄tm
in (2) are similarly constructed. The decoding is carried out
at the receiver in a symbol-wise manner and the decoding
metric for each MB-OFDM symbol within the packet s̄Ai

or
s̄Bi

is detailed in Table I. Note that, instead of having to wait
until the whole payloads of PSDUs have been received, the
decoding process can be started as soon as the receiver receives
signals during the first two MB-OFDM symbol time slots (the
Alamouti STFC is being considered). Hence, decoding delay
in the more generalized case has no difference, compared to
that in the case where s̄Ai

and s̄Bi
represent single MB-OFDM

symbols as mentioned above.
To solve the problem of transmission and reception at the

same time at a node, in the existing works [19], [20], a code
division multiple access (CDMA) was proposed. This means
that each node is assigned with an unique spreading code,
thus the two nodes can work in the same band. Unlike the
existing proposed schemes, we take advantage of the important
technical specifications of MB-OFDM UWB devices that,
support for the first band group (3168 - 4752 MHz, see [6,
Tables 7-1 & 7-7]) is mandatory, and that the Time Frequency
Code (TFCs) numbers 5, 6 and 7 for the first band group
are non-overlapped with each other (see [6, Table 7-2]). Thus,
in order for the nodes to be able to transmit their own data
and receive the partner’s data at the same time via only one
antenna, node A may, for instance, transmit signals by using
TFC 5 (i.e. the radio frequency (RF) is in the range 3168 -
3696 MHz corresponding to the band number 1) and receive
signals by using TFC 6 (i.e. RF in the range 3696 - 4224
MHz, band number 2). On the contrary, node B may transmit
signals by using TFC 6 and receive signals by using TFC 5.
The destination node must be able to work with both band
numbers 1 and 2. This example is shown in Fig. 4. The
principle of transmitting information in one frequency band
and receiving information in another frequency band has been
widely implemented, such as at the transponders in satellite
communications. A node informs other nodes about its TFC by
broadcasting its TFC in the 3-bit TX TFC field (bits T1−T3)
within the PHY (Physical Layer) header [6, p.28].

Since the inherent design of MB-OFDM UWB devices
might have already allowed them to work with different TFCs
(i.e. different bands) in the first band group, the only further
tasks are to make source nodes to be able to transmit signals in
one band, and receive signals in another band simultaneously,
while making the destination node to be able to receive signals

3168

3696

4224

4752

Freq. MHz

Time

S
1

.......

.......

S
2

-S’
2

*

S’
1

*

S
4

S
3

S’
3

*

-S’
4

*

S’
N

*

-S’
N-1

*
Band # 1

Band # 2

Band # 3

Fig. 4. Node A transmits symbols in the band number 1, while node B
transmits symbols in the band number 2, inside the first band group.

from two different bands at the same time. These are not
hassling tasks thanks to the implementation of precise filters.
As a result, the design of transmitter/receiver at nodes can be
created by modifying their current design without additional
heavy complexity.

Clearly, in the SCCS, nodes always cooperate with one
another regardless of the potentially erroneous reception of
data from their partner. Thus the advantage of the SCCS is
that it may provide a significant improvement of the system
error performance in some cases (this will be confirmed later
through simulation results) while keeping the nodes’ design
simple and as a result at a low cost. The disadvantage of
the SCCS is that errors in decoding processes at the partner
nodes may exit, i.e. ¯́sAi

�= s̄Ai
and ¯́sBi

�= s̄Bi
, thus decoding

errors at the destination node are the accumulative errors of
the decoding processes at the partner nodes as well as the
decoding process at the destination node. Intuitively, when
the errors at the partner nodes become serious, the advantage
of higher transmission diversity gained by the cooperation
between nodes over non-cooperative communication can be
ruined. As a result, SCCS might not be better than non-
cooperative communication in this case. Thus proposition of
an advanced scheme that can provide better error performance
than non-cooperative communication in all cases with the
penalty of minimum additional complexity and cost is our
next motivation. The advanced scheme referred to as ACCS
will be detailed in the next section.

III. ADVANCED COOPERATIVE COMMUNICATION SCHEME
(ACCS)

This scheme is perhaps the closest to the ideas of the hybrid
Detect-and-Forward schemes in [15] and of the space-time
coded cooperative communication in [21]. However, it is a
cross-layer design specifically proposed for MB-OFDM UWB
and has various different aspects, compared to these existing
schemes. The core idea of the proposed ACCS is that two
source nodes A and B will decide whether the Alamouti STFC
cooperative mode or non-cooperative mode will be effective,
depending on whether they both receive correctly data from
their partner. It should be noted that, though the data of a
source node might be correctly received at its partner, this
does not necessarily mean that the destination node also can
receive correctly the data. This is because the distance between
the cooperative nodes is normally shorter than that between
these nodes and the destination.

In the ACCS, s̄Ai
and s̄Bi

are the column vectors consisting
of the original data for the whole payload of PSDUs. Denote p
to be the current STFC symbol time slot. During the next time
slot p + 1, node A (node B respectively) broadcasts its own
next packet s̄Ai+1 (̄sBi+1) together with the acknowledge bit
ACKAi

(ACKBi
). The value of the acknowledge bits depend

on whether node A (B) receives correctly the i-th packet s̄Bi

from B (̄sAi
from A) during the time slot p. In particular,

the acknowledge bit will be set to one if the data are correctly
received by the partner node, and will be zero otherwise. Each
node then checks the ACK bit received from its partner. If
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Node A a2
ACKA1 a3 ACKA2

b2
ACKB1 b3 ACKB2Node B

Dec. a & b1 1

Dec. a & b2 2

Node A ACKA1a2
ACKA2 ......

ACKB1b2
ACKB2 ......Node B

Dec. a & b1 1

Dec. a & b2 2

a1Node A -b*1
ACKA1a2

b1 a*1
ACKB1b2Node B

Dec. a & b1 1

Dec. a & b2 2

ACKA2

ACKB2

a3

b3

ACKA2

ACKB2

a3

b3

-b*2

a*2
ACKB2

ACKA3

ACKB3

a4

b4

ACKB2

ACKA3

ACKB3

a4

b4

......

......

a4 ACKA3

b4 ACKB3

......

......

Case a: ACK , ACK , ACK , ACK are all zeros.A1 B1 A2 B2

Case b: ACK , ACK are ones while ACK or ACK or both of them are zeros.A1 B1 A2 B2

Case c: ACK , ACK , ACK , ACK are all ones.A1 B1 A2 B2

-b*1

a*1

a1

b1

a1

b1

Fig. 5. Transmission protocol in the ACCS.

this bit and its own ACK bit (ACKAi
and ACKBi

) are all
one, i.e. both nodes receive correctly data from their partner
during the time slot p, then the Alamouti STFC cooperative
mode will be formed. This means that, during the time slot
p + 2, node A (B) halts broadcasting its (i + 2)-th packet and
broadcast its partner’s data in the form of −s̄∗Bi

(̄s∗Ai
) instead.

Then nodes A and B continue to broadcast the (i + 2)-th
packet together with the ACK bits ACKAi+1 and ACKBi+1

during the time slot p + 3. However, if at least one of the
ACK bits ACKAi

and ACKBi
is zero, the non-cooperative

mode will be used, i.e. nodes A and B continue to broadcast
their (i + 2)-th packets together with the ACK bits for the
(i + 1)-th packets during the time slot p + 2. This process is
repeated until all data are transmitted. It is noted that the ACCS
does not use more STFC symbol time slots, compared to the
SCCS, for data transmission. Instead, it requires at least the
same number of time slots as non-cooperative communication
(if nodes cannot receive correctly data from their partner at
all), while requiring at most the same number of time slots as
the SCCS (if otherwise), to transmit the same amount of data.

One may have a question: how can nodes check whether
they receive correctly data from their partner? In the MB-
OFDM UWB design [6], the FCS (Frame Check Sequence)
field of a PSDU is a 32-bit CRC (Cyclic Redundancy Check)
sequence used by the MAC (Media Access Control) layer to
check if the payload within this PSDU is correctly received.

Because STFC symbols s̄Ai
and s̄Bi

in our ACCS are the
column vectors consisting of the original data for the whole
payload of PSDUs, we take advantage of the FCS field to
allow nodes to check if they receive correctly data from their
partner. Thus we do not have to transmit any additional CRC
bit for this purpose. By checking the field FCSi within the i-
th PSDU, nodes can recognize whether they receive correctly
the i-th STFC symbol within this PSDU.

At the destination node, decoding i-th packets that have
been received from A and B during the time slot p will
be delayed by one STFC symbol time slot, i.e. decoding is
carried out during the time slot (p + 2), if non-cooperative
mode is the case, and by two STFC symbol time slots, i.e.
decoding is carried out during the time slot (p+3), if Alamouti
cooperative mode is the case. During the time slot (p + 1),
node D continues to receive the (i + 1)-th packets as well as
the ACK bits ACKAi

and ACKBi
from A and B. If both

ACK bits are one, it will recognize that the Alamouti STFC
cooperative mode is effective. Otherwise, the non-cooperative
mode is the effective mode. In the case of the Alamouti STFC
cooperative mode, the destination node receives the copies of
the i-th packets in the form of −s̄∗Bi

and s̄∗Ai
from A and B

during the time slot (p + 2), and then decodes them. In the
case of non-cooperative mode, it can start decoding the i-th
packets s̄Ai

and s̄Bi
in the time slot (p + 2). This process is

repeated until all packets are received.
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Clearly, the aforementioned scheme will work precisely if
and only if nodes receive correctly the values of ACK bits.
Thus maximizing the chance of successful reception of ACK
bits at nodes is our main target. To do that, we take advantage
of the reserved bit fields R0−R2, R20−R21, R24−R25 and
R32 − R39 in the PHY header within the PLCP header of a
PPDU (PLCP Protocol Data Unit) [6, p.28]. In particular, the
acknowledge bit ACKi is transmitted in multiple positions
among these 15 reserved bits, if not all. At the receiving side,
a majority rule will be applied to realize the actual value of
ACKi. For instance, the acknowledge bit ACKAi

can be
simultaneously transmitted in the three following positions R0,
R20 and R39 in the PHY header of the (i + 1)-th PPDU.
Nodes B and D can realize the actual value of ACKAi

(0
or 1) by selecting the value that turns up more times than
the other value among the above three positions. Certainly,
the more positions we use for transmitting ACKi, the more
precisely the ACCS works. Other important inherent features
of PPDUs include that the validity of the combined PHY and
MAC headers of the PPDU will be checked by MAC using
the HCS (Header Check Sequence) which is a 16-bit CRC
code, and that the validity of the MAC header and HCS is one
more time checked by the 48-bit Reed-Solomon parity bits. In
addition, we note that because FCSi is used for checking
the whole payload which may consist of up to 4095 octets, a
single error in the payload can cause a false FCSi checking
result. Thus even in the case where a node cannot receive
correctly data from its partner (i.e. checking FCSi gives a
false result), this does not necessarily mean that the node also
cannot receive correctly the ACK bit, which is transmitted at
several positions in the PHY header from its partner. It is also
noted that the PHY header is always transmitted at the data
rate of 39.4 Mbps that is much lower than the transmission rate
of the payload [6, p.9], [22, p.1180]. For all aforementioned
analysis, it may be reasonable to assume that the ACK bits
are correctly received at nodes in slow fading channels.

The following examples consider typical cases when the
first two packets a1, a2 are transmitted from node A and b1,
b2 are transmitted from node B .

Example 1: This example is depicted in Case a, Fig. 5,
where all ACK bits ACKA1 , ACKA2 , ACKB1 and ACKB2
are zeros. In practice, when an ACK bit is zero, it might not
need to be transmitted. Intuitively, this case is similar to the
non-cooperative communication, except for that the decoding
process for the packets a1, b1 (and a2, b2) at the destination
node starts at one STFC symbol time slot later than that in
the non-cooperative communication.

Example 2: This example considers the case where the
ACK bits ACKA1 and ACKB1 are ones while either ACKA2
or ACKB2 or both of them are zeros (see Case b, Fig. 5). In
this case, the decoding process for the packets a1, b1 (and a2,
b2) at the destination node is delayed by further one STFC
symbol time slot compared to Example 1.

Example 3: Case c in Fig. 5 depicts the example where
all ACK bits ACKA1 , ACKA2 , ACKB1 and ACKB2 are
ones. The decoding process in this case is similar to that in
the SCCS in Fig. 3, except for that the decoding process for
packets starts at one STFC symbol time slot later than that in
the SCCS.

From Examples 1–3, we can see that the starting point of
decoding process in the ACCS is delayed by one STFC symbol
time slot, compared to the SCCS, and the decoding process
of an i-th packets is delayed at most 2(i − 1) STFC symbol
time slots, compared to this starting point. This is because the
destination node has to wait for one more STFC symbol time
slot before the decoding process for the i-th packets can start
in the case the non-cooperative mode is effective, or has to
wait for two more STFC symbol time slots if the Alamouti
STFC cooperative mode is effective. Thus the advantages of
the ACCS over the SCCS come with the cost of a decoding

TABLE II
SIMULATION PARAMETERS.

Parameter Value
FFT and IFFT size Nfft = 128
Data rate 320 Mbps
Convolutional encoder’s rate 1/2
Convolutional encoder’s constraint length K = 7
Convolutional decoder Viterbi
Decoding mode Hard
STFC decoding at nodes ML decoding
Number of transmitted packets 1200
Modulation QPSK
IEEE Channel model CM1, 2, 3 & 4
Number of data subcarriers ND = 100
Number of pilot subcarriers NP = 12
Number of guard subcarriers NG = 10
Total number of subcarriers used NT = 122
Number of samples in ZPS NZPS = 37
Total number of samples/symbol NSY M = 165
Number of channel realizations 100

delay of at most two STFC symbol time slots.

IV. SIMULATION RESULTS

To examine the performance advantage of the cooperative
communication schemes, we ran several Monte-Carlo simu-
lations for non-cooperative communication and for the SCCS
and the ACCS. Each run of simulations was carried out with
1200 MB-OFDM symbols. One hundred channel realizations
of each channel model (CM 1 to CM 4) were considered for
the transmission of each MB-OFDM symbol. In simulations,
SNR is defined to be the signal-to-noise ratio (dB) per sample
in a MB-OFDM symbol (consisting of 165 samples), at each
Rx antenna (i.e. the subtraction between the total power (dB)
of the received signal corresponding to the sample of interest
and the power of noise (dB) at that Rx antenna). The complete
set of simulation parameters is presented in Table II.

To fairly compare the error performance of non-cooperative
and the two cooperative communication schemes, we stick to
the following constraints

Data rate constraint: Simulations for all three systems are
run with the same bit rate of 320 Mbps.

Power constraint: The average power of the signal constel-
lation points is always scaled down by a factor of 2 in the
SCCS, while it is scaled down by a factor of 2 whenever
the Alamouti STFC mode is effective in the ACCS. Thereby,
the total transmission power from the source nodes to the
destination node at a certain time is the same for all three
systems.

Fig. 6 compares the error performances of non-cooperative
communication and of the SCCS in the case nodes are
equipped with one antenna each. From Fig. 6, we can realize
that the SCCS may provide better error performances than
non-cooperative communication for the SNR being greater
than certain values SNRmin, which are 7, 8, and 10 dB in CM
1, CM 2 and CM 3, respectively. For instance, the SCCS brings
about the gain of approximate 1.5 dB at BER = 10−3, and
approximate 3 dB at BER = 4× 10−4, over non-cooperative
communication in CM 1. Note that this advance is achieved
when every node (including the destination node) is installed
with one antenna and there is not any increase of transmission
power. The error performance advantage is gained due to the
fact that the diversity of the transmitted signals has been
increased by the cooperation between nodes. It can also be
realized from Fig. 6 that the use of the SCCS might not be
useful for the very dispersive channel model CM 4.

The error performances of non-cooperative communication
and of the ACCS in the case nodes are equipped with one
antenna each are compared in Fig. 7. As opposed to the SCCS,
the ACCS provides at least the same error performance as non-
cooperative communication at very low SNRs, while always
providing better error performance than the non-cooperative
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Fig. 6. SCCS vs. non-cooperative communication in MB-OFDM UWB with
the one-antenna destination node.
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Fig. 7. ACCS vs. non-cooperative communication in MB-OFDM UWB with
ACCA and with the one-antenna destination node.

communication at higher SNRs in all channel models. For
instance, the ACCS brings about the gain of approximate 5
dB at BER = 10−3 over non-cooperative communication in
CM 1. The more dispersive the channel is, the higher the gain
is.

V. CONCLUSIONS

This paper has proposed two cross-layer designs, referred
to as the SCCS and ACCS, for cooperative communication
in STFC MB-OFDM UWB systems. From the simulation
results, we might conclude that the benefit of the SCCS
over non-cooperative communication is considerable in the
network with all single-antenna nodes and in less dispersive
UWB channel models, such as CM 1, 2 or 3. In contrast,
the benefit of the ACCS is significant in all cases with the
penalties of the decoding delay at the destination, and a
slightly more complicated communication protocol between
nodes, compared to the SCCS, though both schemes are
proposed in the sense that the additional complexity and costs

are kept as little as possible. The performance improvements
are gained without increase of total transmission power and
without significant additional system complexity and cost.
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