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* 1. Executive Summary

This report presents a comprehensive summary of the research work performed under ONRE funding, grant No. N00014-04-1-0167 over the period of June 1, 2004 to June 1, 2005.

The contributors to the research over the span of the funding period are Prof. Yimin ZhangI (PI), Prof. Moeness Amin (Co-PI), Dr. Genyuan Wang (Post-Doctoral Fellow), and Mr. Gjergji
Kurti (Graduate Student) from Villanova University. Ms. Morgan Watson from NAVSEA
Philadelphia has worked closely with the research team at Villanova University and has provided
valuable insights into several issues vital to the progress and advances in research.I The results obtained in this project have been disseminated in three submitted journal articles
and seven peer-reviewed conference papers. Section 2 lists, with complete citations, all

-- publications acknowledging the ONR support. This list is also used to point the reader to the
technical material and the pertinent papers in the report underlying each subsection. Section 3 of
this final report includes selected key papers, representing our efforts in different areas covering
cooperative diversity, space-time coding, and channel modeling, and spatial correlation study inthe sea surface environment. Each of these papers is cast as a subsection with its own abstract,introduction, figure numbers, equation numbers, conclusions, and references.

1.1 Main Contributions

The fundamental objective of this research project is to develop novel cooperative wireless
network schemes and practical coding designs that provide unmanned surface vehicles (USV)
swarm reliable wireless links with the overall data throughput and the communication quality
significantly exceeding those of existing non-cooperative systems. Towards this end, we have
made contributions in three areas: (1) We have developed a cooperation protocol that effectively
constructs distributed space-time codes for cooperative diversity systems. Depending on
application environments, the proposed protocol can be used to construct different distributed
space-time codes. For example, high data rate distributed codes can be used to improve the
communication efficiency when the channel state information (CSI) is available at the receivers,
whereas differential distributed space-time codes can be used to avoid channel estimations in the
absence of CSI. (2) We have developed full-rate, large diversity product space-time codes with
non-vanishing minimum determinant. The proposed space-time codes are an important
component in high-efficiency distributed space-time code construction. (3) We have studied the
channel modeling and spatial correlation between different antennas in sea surface environments.
The results are important in assessing the performance of cooperative diversity systems in sea3 surface environments as well as in designing array antenna configurations.

1.2 Cooperative Diversity Techniques

I We have developed a protocol for cooperative systems that permits effective use of various
multiple-input-multiple-output (MIMO) space-time coding schemes. Based on high-rate MIMO
space-time codes and differential space-time codes, the proposed protocol allows the
development of high-rate distributed space-time codes and differential distributed space-time
codes, respectively, depending on the channel state information (CSI) availability, for the use of

I USV network systems. A multiuser scenario is considered where all users have their own
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I information to send, and desire to cooperate with each other in order to maintain reliable
communication links and to send the information to the receiver at a high data rate. When the

I CSI is available at the receivers, this protocol enables the use of high-rate full-diversity space-
time codes for the construction of high efficiency distributed space-time codes. On the other
hand, when CSI is unavailable at the receivers, differential distributed space-time modulations3 can be constructed based on the proposed protocol.

Publications [1, 2, 3, 7, 8, 9].

U 1.3 Space-Time Code Development

Designs of space-time code with full rate, large diversity product, and non-vanishing minimum
determinant of codewords continue to attract great attentions. However, in most available
determinant non-vanishing space-time codes for three, four and six transmit antennas, the
average powers at each layer are different, resulting high peak to average power ratio. In this
paper, a new cyclic algebraic space-time design scheme is proposed and the optimal codes in this
class are provided by using some specific cyclic field extensions. The class of cyclic algebraic
space-time codes not only include the available non-vanishing determinant cyclotomic space-
time codes for three, four and six transmit antennas, but also have the desirable property that the
optimal codes can be achieved with the same average power at each layer.

Publications [4, 10].

1.4 Channel Modeling and Spatial Correlation Study in Sea Surface Environment

I We have studied the propagation environment and technology applicable to multi-sensor
communications in USV networks located in a rough sea environment. We first investigated the
statistical model of the propagation environment, where we provided the analytical expressions
of the wave height, the probability of having line-of-sight (LOS) between two USVs in terms of
the weather condition and antenna height, and the spatial correlation of the propagation channels

I related to different antennas. We have then investigated the fading reduction capability of
multiple-input-multiple-output (MIMO) systems and the performance in general Ricean channels
assuming different spatial channel correlation values.

3 Publications [5, 6].

I
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-I Cooperative Wireless Network for Unmanned Surface Vehicles

Yimin Zhangt, Genyuan Wantq, Morgan Watson1 , and Moeness G. Amint

t Center for Advanced Communications
Villanova University, Villanova, PA 19085

e-mail: {yimin.zhanggenyuan .wang,moeness .amin}ovillanova. edu
http://www.villanova.edu/

5NAVSEA
4700 S. Broad Street, Philadelphia, PA 19112-14033 e-mail: WatsonMA@nswccd. navy. mil

Abstract

I As part of Future Naval Capabilities (FNC), the Navy is envisioned to be a lean, distributed force

of reconfigurable and multi-mission capable platforms. At the heart of this vision, cascading unmanned

I . surface vehicles (USVs) into a "SWARM" of connectivity nodes offers great flexibility and modularity.

The USVs must be able to provide a network of communication data relays, a common tactical picture3 and mapping for situational awareness. The vehicles must also possess robust communications resistant to

jamming, fading and interference while acquiring a high speed data exchange for processing and fusion of3 information. Reliable wireless network with high data throughput is essential in various military wireless

communication systems. While the multiple-input multiple-output (MIMO) communication schemes have

the potential to exceed the single-input single-output (SISO) Shannon capacity bound, equipping a large

number of antennas in a USV is practically impossible. To increase the diversity gain beyond the number

of physical antennas, cooperative wireless networks that exploit cooperation among multiple terminals

become essential. This paper proposes novel cooperative wireless networking schemes and practical coding

designs that provide the USV Swarm reliable wireless links with the overall data throughput and the3 communication quality significantly exceeding those of the existing non-cooperative systems.

U I. Introduction

As part of Future Naval Capabilities (FNC), the Navy is envisioned to be a lean, dis-

I tributed force of reconfigurable and multi-mission capable platforms. At the heart of

this vision, cascading unmanned surface vehicles (USVs) into a "SWARM" of connectiv-

I ity nodes offers great flexibility and modularity. USVs are on the threshold of playing

I key roles in the digital battlespace. Within the context of a larger group of unmanned

This work is supported in part by the ONR under Grant No. N00014-04-1-0617.
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I systems, USVs have been in use for years or are in the late stages of development. Rela-

3 tively, Unmanned Air Vehicles (UAVs) are commonplace in many military operations as

both weapons and reconnaissance platforms. Unmanned Ground Vehicles (UGVs) are be-

ing developed for high-risk operations such as surveillance, while Unmanned Underwater

Vehicles (UUVs) are new and in development.

U USVs are envisioned to be a multi-mission, rapidly configurable, long endurance un-

manned platform providing offboard sensor and weapon capability to perform critical

I missions like Intelligence, surveillance, reconnaissance, Anti-Submarine Warfare, mine

countermeasures, communications and navigation. The technical challenges during these

USV missions are to provide optimal performance while subjected to adverse motions,3 multi-vehicle control, data fusion, obstacle avoidance as well as robust and reliable com-

munications. More importantly, an autonomous environment where electromagnetic ra-

I diation is increased, brings with it the possibility of fading, jamming and interference.

This paper addresses methods for maximizing communication and reducing fading and

3interference. In particular, this paper focuses on novel high-rate full-diversity cooperative

diversity schemes for wireless communication systems through the use of space-time codes.

3 The proposed systems enable simultaneous transmission of data from all cooperative ter-

minals, providing high diversity gain and potentially high data rate beyond the limit of

non-cooperative systems.

In combating channel impairment problem caused from multipath fading, receive diver-

sity techniques using different space branches at the receiver have been shown effective

3 for many years. When the channel is fast time-varying, time diversity is also an option.

Recently, transmit diversity schemes add the capability of diversity to the transmitter to

3 spread the information across the transmit antennas [1], [2]. As a result, the information

capacity of wireless communication systems increases dramatically by employing multiple

3 transmit and receive antennas [3]. A wireless system consisting of multiple transmit and

receive antennas is referred to as a multi-input multi-output (MIMO) system, whereas a

I-system with multiple transmit antennas and a single received antenna is referred to as a

I multi-input single-output (MISO) system. When the correlation among different channel

* 6
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I path gains is low, a MIMO/MISO system can achieve higher diversity gain and higher

data rates, compared to a single transmit antenna system, without increasing premium

bandwidth or power [3], [4].

I When the channel state information (CSI) is available at the receiver, several space-time

codes have been developed to achieve high data rate, while maintaining a high diversity

gain [14], [15], [16], [17], [18]. In particular, a space-time code is said to achieve full-rate

when the data rate (i.e., the number of transmitted symbols per time slot) reaches the

m number of transmit antennas. Use of the full-rate full-diversity space-time codes allows

simultaneous signal transmission without reducing date rates.

In certain situations, for example, when the fading channel environment is rapidly time-

I varying, the CSI may not available or cannot be reliably estimated. Differential space-

time codes are useful which imply differential coding between two adjacent space-time

5 code matrices. In this case, the decoding at the receiver is independent of the underlying

channels [22], [23], [24], [25], [26], [27], [28].

SIt may often be impractical, however, for a transmitter in the underlying USV networks

to be equipped with multiple antennas. For example, the physical limitation of a USV

3 makes it only ready to host a single antenna, particularly when the frequency is relatively

low. In addition, depending on the fading characteristics, for example, when shadowing

I effect occurs, the use of multiple antennas may not be effective to combat the attenuation.

To increase the reliability and throughput of a system in such situations, cooperative

diversity exploiting cooperation among multiple terminals is a promising techniques. It

3 was first introduced in [5], [6] and further developed by others (e.g., [7], [8], [9], [10]). In

a multi-user environment, cooperative diversity allows mobile terminals to achieve high

I transmit diversity gain beyond the limitation of the number of transmitter antennas at each

terminal. It has been shown that cooperative diversity can improve the communication

I capacity and enhance the robustness of wireless link when a single channel is not reliable.

In this paper, we develop a protocol for cooperative systems that permits effective use

of various MIMO space-time coding schemes [11], [12]. Based on the aforementioned

high-rate MIMO space-time codes and differential space-time codes, the proposed pro-

1 7
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I tocol allows the development of high-rate distributed space-time codes and differential

I distributed space-time codes, respectively, depending on the CSI availability, for the use

of USV network systems. A multiuser scenario is considered where all users have their

own information to send, and desire to cooperate with each other in order to maintain

reliable communication links and to send the information to the receiver at a high data

3 rate.

3 IH. Cooperative Diversity

A. Concept

I To illustrate the concept of cooperative diversity in a wireless network, consider a simple

3 model as depicted in Fig. 1(a). The user cooperates with other users and serves as a relay

terminal for them. Therefore, each transmit user receives an attenuated and noisy version

I of the partner's transmitted signal and relays it to the destination or other relays. The

destination receives a noisy version of the sum of the attenuated signals from all users.

Denote the number of users as M. The received signal at the destination during one

symbol period t is expressed in baseband model as

3 M
yo(t) = hioxi(t) + no(t), (1)

whereas the signal received at relay k is

I yk(t) = hkx (t) + nk (t) (2)
iý6k

I We used subscript 0 for the destination terminal for notational convenience. In (1) and

(2), xi(t) is the signal transmitted by user i, for i = 1,2,-.-, M, and nk(t) are the additive

channel noise terms at the destination (k = 0) and the relay receivers (k = 1, 2,---, M),

3 respectively. It is assumed that a terminal does not receive signal from other parties when

it is transmitting. The fading channels, hik, remain constant over a period of several time

I slots (the length of one or two codewords depending on the protocols), and when observed

over time, they form independent stationary ergodic stochastic processes, resulting in

3 frequency non-selective fading.

38
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sourceý f destination

relay

(a) System model. (b) Data transmission through relays.

Fig. 1. System model illustration.

The cooperation process can be divided into two phases (refer to Fig. 1(b)). In the first

I phase (broadcast phase), the information is transmitted from a source user to the relay

terminals, and the destination may also receive a copy of the same information. In the

second phase (relay phase), the relay terminals transmit the signal to the destination.

I B. Amplify-and-Forward and Decode-and-Forward Algorithms

Depending on how the relay terminals relay the signals from other terminals, there

are two major algorithms, namely, amplify-and-forward and decode-and-forward. In the

I amplify-and-forward algorithm, a relay terminal amplifies the attenuated and noisy signals

it receives and retransmits them to the destination and other possible relay terminals. The

operation at the relay terminal is limited to amplification and, in some cases, some simple

computations such as complex conjugation which is required in certain orthogonal codes

3 including Alamouti's. On the other hand, when the decode-and-forward algorithm is used,

the information is first decoded at a relay terminal, and then retransmitted from the delay

terminal after proper coding. At the expense of introducing additional complexity at

the relay terminals, the decode-and-forward algorithm allows the removal of relay noise

(i.e., the noise the relay terminals receive), and provides the flexibility of encoding the

I information at the relay phase so that higher spectral efficiency can be achieved [8], [21].

It is clear that the decode-and-forward algorithm requires higher complexity and, in some

applications, may cause security concerns because a relay terminal decodes the information

it relays and, therefore, it is technically possible for a relay terminal to monitor other users'

I
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I information. It is contrast to the amplify-and-forward algorithm, where a relay terminal

3 does not decode the information it relays. In addition, the decode-and-forward algorithms

requires the CSI for effective decoding, unless the modulation schemes used do not require

I CSI for decoding (such as the differential modulation schemes to be discussed later).

C. Protocols

Several cooperative diversity protocols have been investigated. The early protocols used

I repetition-based approaches, which is illustrated in Fig. 2(a). After the source broadcasts

its information to the destination and the relays, all relays repeats this information in

I a sequential order. Therefore, a diversity gain of up to M is achieved at the expense

of reducing the degrees of freedom by a factor of M. Arbitrary permutations of these

allocations in time and frequency does not alter the performance, as long as causality is

t preserved and each of the subchannels contains a fraction of 1 /M 2 of the total degrees of

freedom (DOFs) in the channel. Such protocols does not require decoding and encoding at

I the relay terminals and, therefore, is suitable for the amplify-and-forward algorithm. The

most significant disadvantage of such protocol is their low throughput rates. As is clear

from Fig. 2(a), transmission between different nodes at each time slot utilizes a fraction

of 1/M of the total DOFs in the channel.

3 Recently, more effective protocols have been developed to take advantages of the ad-

vances of MIMO space-time codes. For example, in [8], [21], proposed space-time coop-

I eration protocols illustrated in Figs. 2(b) and (c). These protocols provide more effective

bandwidth use, particularly when the number of cooperative users is large. These protocols

allow the use of a fraction of up to 1/2 of the total DOFs in the channel. The protocols re-

3 quire decoding of other users' information and, therefore, should be incorporated with the

decode-and-forward algorithm. As addressed earlier, the use of the decode-and-forward

I algorithm not only significantly increases the complexity of the terminals that is highly

undesirable, it may also raise security concern in some applications.

1

| 10



Frequency

Ch. 1 1 transmits 2 repeats I - M repeats 1

Ch. 2 2 transmits 3 repeats 2 -.- 1 repeats 2

Ch. M M transmits I repeats M ... M-I repeats M Time

(a) repetition-based diversity scheme

1 Frequency

ChI 1 1 transmits 1,2 repeat 1

Ch. 2 2 transmits 1,2,.Mrepeat 2

Ch. M M transmits 1,2,.-.,M repeat M Time

(b) space-time cooperation scheme I

3 Frequency

Ch. 1 1 transmits 2,3,...,M repeat I3 Ch. 2 2 transmits 1,3,...,M repeat 2

Ch. M M transmits 1,2,...,M-1 repeat M Time

i (c) space-time cooperation scheme II

Fig. 2. Cooperative diversity schemes.I
III. Proposed High-Rate Full-Diversity Cooperation Protocol

I Figure 3 shows the proposed cooperation protocol. There are M users present, each

is equipped with a single antenna that can be used for transmit and receive. When

considering user i as the source user, the other M - 1 ones act as the relay users for user

I i. At the source user, a set of M x M multi-layer cyclotomic space-time codewords, Xj,

are formed from the source information sequence. Before the codeword is modified for the

I cooperative diversity use, the data rate is full (i.e., R = M). However, because the M - 1

relays do not have the information to be relayed, the source user must first broadcast this

I information to the relays.

In this protocol, through the first M - 1 time blocks, the ith row of the M x M

I codeword is transmitted during the ith time block from each source transmitter, where

I i 1,-.-, M - 1. In the Mth time block, the full codeword is transmitted from the M

111 .
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I virtual antennas (i.e., one source transmit antenna and M - 1 relay antennas).

3 The proposed method is amendable for the use of both amplify-and-forward and decode-

and-forward algorithms. When the former one is considered, this protocol does not require

I decoding and encoding at the relay terminals while it takes the advantage of high data

rate and high diversity gain. In this case, each of the M - 1 relay terminals receives one

3 different row of the codeword transmitted from the source user through the broadcast

phase (i.e., during the first M - 1 time blocks), and the row is retransmitted in the relay

phase which spans the Mth time block. The use of amplify-and-forward algorithm does

I not require the relays to have the CSI. It is evident that, in the proposed scheme, unit

degree of freedom is achieved, compared to 1/M (repetition-based diversity scheme in Fig.

I 2(a)) and 1/2 (space-time cooperation schemes I and II in Figs. 2(b) and (c)) decode-based

diversity scheme in Fig. 2(a)) in the aforementioned space-time cooperation schemes.

3 When the decode-and-forward algorithm is considered, the M- 1 relay users can decode

the signal from the information transmitted through the first M - 1 time slots. The signal

Swill be retransmitted after encoding during the Mth time slot either from all the M users

(space-time cooperation scheme I) or from the M- 1 relays (space-time cooperation scheme

I II). Unless differential or other non-coherent coding schemes (to be introduced later) are

exploited, the use of decode-and-forward algorithm requires each relay to have the CSI

of the channel between the source and itself. Such decoding and encoding can effectively

3 eliminate the relay noise when the channel between the source user and the relay terminals

are reliable to the extent that the information can be correctly detected at each relay.

It is emphasized that, because the codeword Xi is full rank, the relay users can decode

the signal with a full or partial set of the M rows of the M x M codeword. This permits

3 flexible protocol design to further increase the data rates by truncating the broadcast phase

when the channels between the source user and the relay terminals are highly reliable. This

I comes at the expense of requiring additional complexity to both the physical (PHY) and

media access control (MAC) layers in order to monitor the channel quality and decoding

performance, and to adaptively control the resource allocations in the broadcast phase.

3 From a 2 x 2 MIMO space-time codeword Xj, the protocols equivalently transmit the

1 12
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Frequency
1Ch. I transmits I transmits 1,...,M transmit

I istrow ofX 1 2nd row ofX 1  odeword X1

CIL 2 2nd transmits 2nd transmits 1,...,M transmit
1st row of X 2  2nd row of X 2  codeword X2

Ch. M M transmits M transmits I,...,M transmit

1strow of X M 2nd row of X M " codeword XM Time

3 Fig. 3. The proposed space-time cooperation scheme.

5 following 2 x 4 codeword X', i.e.,

i ~ ~xi= L(3) xi (4) 0> x • 0 _ýi(3) ýi(4) ' (3

where :j(t) is a replica of xi(t) and g' is a power normalization factor. When the amplify-

I and-forward algorithm is used, 0•(t) is a complex scaled and noisy version of xi(t). The

scale comes from the channel attenuation and the amplification in the relay terminal,

I whereas the channel noise is added before the amplification. When the decode-and-forward

algorithm is used, the scale and noise can be removed, given the channels between the

source and the relay terminals are reliable.

When we assume : (t) is the exact replica of x (t), we can equivalently consider the

resulting codeword as,

Uj = [x:(1) xd2) > x 9 = xi(4) xi(l)] . (4)x= ()x 4 0 xj(3) xj(4) ]" 4

I A code like XC in (4) is referred to as the distributed space-time code corresponding to

the space-time code X,.

IV. High-Efficiency Space-Time Cooperation Schemes

In this section, we consider effective space-time cooperation schemes when the CSI is

available at the receivers. We first review the general criteria of MIMO space-time code

I design and some class of high-rate full-diversity space-time codes. We then propose a new

I space-time cooperation protocol that can effectively incorporate the high-rate full-diversity

space-time codes and is applicable to both amplify-and-forward and decode-and-forward

I algorithms.

1 13
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IA. Space-Time Codes in MIMO Systems

Assume a transmitter that has Nt transmit antennas, and consider that the following

Nt x Nt square codeword [c 1  C2  -.- I' .
C1 CNt
N2 N ... N2

IC l CNt

is transmitted. In a codeword, the rows of the coding matrix stand for "space" (i.e.,

antennas), and the columns stand for "time". When codeword E is transmitted, the

probability that a maximum-likelihood receiver decides erroneously in favor of another

1 signal codeword E in independent fading channels is bounded by [4]

I P(C - E) •5 i_• Ai) (ES/4No)-rN-, (5)

where r is the rank of DOE C - E, ,i, i 1,- r are the r nonzero eigenvalues of

DCED'E, Nr is the number of receive antennas, E, is the average transmitted symbol

energy, and No is the noise variance of N0 /2 in each of its two dimensions.

There are several criteria for MIMO space-time code design. The most commonly used

ones are the rank criterion, determinant criterion, and symbol rate criterion. In (5), the

rank r determines the order with which the codeword error rate (CER) decreases with the

I input signal-to-noise ratio (SNR) when the SNR goes to infinite. Maximizing the diversity

product f1•1 Ai also reduces the CER. The symbol rate is defined as R = M/T symbols

per channel use (PCU) if an information sequence of M information symbols is mapped

to a space-time codeword X with T time slots (i.e., each codeword is a Nt x M matrix).

It is said that a space-time code achieves full rate if its symbol rate is R = Nt symbols

f PCU for a transmit array of Nt antennas.

B. High-Rate Full-Diversity Space-Time Codes

With these design criteria in mind, several space-time codes have been developed that

I achieve full data rate and full diversity gain. For example, multi-layer cyclotomic space-

time codes have been proposed which bear high or even full data rate information [13],

i [141, [15], [16], f17], [19].

1 14
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I Consider a simple situation where two transmit antennas are present. The following

two-layer code provides data rate of two (i.e., full rate R = 2),

(1) (2)1

IV = [P1Vj P2Vl

where v(, i = 1, 2, 1 = 1,2, are the ith point in the cyclotomic lattice of the lth layer, and

I pi are some complex numbers (see [19] for the determination of values of pi). For each of

Sthe two users, i = 1,2, the codeword matrix in (6) is mapped to the following data matrix

to be transmitted,

xi 1) j 2) /g(1)jv (2)1

Xj - Vg P2V1 (7
xi2 (3) x)(4) =(1) , (7)

3 where g is a factor to normalize the averaging codeword energy. The multi-layer cyclotomic

space-time codes are full-rate, and are shown in [19] to be of full diversity gain and optimal

I diversity product. These codes have full-rate and full-diversity features and, when used

instead of the original data stream in an independent MIMO fading channel environment,

I improvements in system performance and power efficiency can be expected.

I V. Differential Cooperation Schemes

The previous section considered effective space-time cooperation schemes when the CSI

I is available at the receivers. Such information is obtained usually through channel esti-

mation, either using training (pilot) signals or utilizing blind methods. However, channel

estimation is often complicated and may reduce the transmission efficiency if pilot sig-

I nals are used. In addition, there is an issue of reliability and practicality if the channels

experience fast fading. This section develops differential cooperation schemes based on

5 the differential space-time codes. By eliminating the needs of channel estimation, such

schemes are useful in such situations in which the CSI are either unknown or cannot be

I! reliably estimated.

We first review the differential space-time codes developed for MIMO systems, and then

I show the feasibility of extending them to the space-time cooperation applications.
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LA. Differential Space-Time Codes

Differential space-time codes are useful in dealing with rapid MIMO fading environ-

ments. Differential coding is applied between two adjacent space-time code matrices so

I that the decoding at the receiver is independent of the underlying channels [22], [23], [24],

[25], [26], [27], [28].

For example, denote g as a set of K different unitary matrices used for differential

E coding, k = 1,-, K, and

=Uk, k = K. (8)

I The information steam is mapped to one of the K space-time codewords Uk in To send

the message G(t) E g at time t, the transmitter sends C(t) where
C(t) = C(t - 1)G(t), C(0) 1 , (9)

I with C(t - 1) denoting the matrix transmitted over the time block t - 1 and I being

I the identity matrix. The differential space-time coding scheme works well in time-varying

channels, provided that the channels do not change significantly over two adjacent code

I, matrices.

I B. Differential Space-Time Cooperation Schemes

We now consider the feasibility of extending the differential space-time codes to coop-

eration networks. For simplicity, we consider a two-user case in the absence of relay noise,

and user 2 is a terminal to relay user l's information. The following 2 x 4 distributed

I differential space-time code C'(t) is generated from a 2 x 2 differential space-time code

C(t) - [c1(t) c2(t)- C'(t) C3(t) c4(t) cl(t) C2 (t) (10)
c3(t) c4(t) c o 0o c3(t) c4 (t) (

3 Note here that we use t to denote the time index for a codeword. Corresponding to (9),

the relationship between two adjacent distributed codewords, C'(t) and C'(t.- 1), and the

information code matrix G'(t) is

* C1(t) = C6(t- 1)G'(t), G'(t) = G(t) I
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I Denote h(t) = [hi(t) h2(t)] whose components are assumed to remain almost constant for

any two adjacent codewords but are assumed to be independent and stationary ergodic

stochastic processes (i.e., h(t) = h(t - 1)). Then, the 1 x 4 received signal row vector at

the destination is expressed as
y (t) h h(t)C'(t) = h (t) C'(t - 1) G'(t) = h (t - 1) C'(t - 1) G'(t)

S=[h (t- 1) C'(t - 1) 1G'(t) y y(t - 1) G '(t). - (12)

Therefore, it becomes evident that the differential distributed space-time coding schemes

can be applied to a cooperative network because G'(t) and, equivalently, G(t), can be

I recovered from y(t) and y(t - 1), without knowing the CSI.

VI. Numerical Results

IIn this section, we show some numerical results to support our findings. The first

set of simulations considers a set of 2 x 2 cyclotomic space-time codes as the prototype

for the development of the distributed space-time codes. The prototype codeword has

256 constellations over two time slots. For comparison, Alamouti's codes with the same

information rate are also considered. All the channels are assumed to be independent

and identically distributed (i.i.d.) random Gaussian processes with zero mean and unit

variance. The relay noise is not considered in the simulations.

5 Figure 4(a) compares the CER performance of the cooperative diversity schemes using

the Alamouti's and the cyclotomic codes. The SNR is defined as the ratio of the averaged

codeword energy to the noise energy over the same period. It is seen that, the cyclotomic

Icodes outperforms the Alamouti's by about 1.5 dB.

The second set compares different detection methods for the Alamouti's codes, where

I the QPSK modulation is used. As evidenced in Fig. 4(b), the expense of using differential

detection is the 3 dB noise amplification.

11 VII. Conclusion and Remarks

3 We have proposed a novel cooperative protocol and several distributed space-time codes

for application to wireless networking in unmanned surface vehicles (USVs). The proposed

I protocol is applicable to both amplify-and-forward and decode-and-forward algorithms.
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