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Abstract

Synchronization of relay nodes is an important and critical issue in exploiting cooperative diversity in
wireless networks. In this paper, two asynchronous cooperative diversity schemes are proposed, namely,
distributed delay diversity and asynchronous space-time coded cooperative diversity schemes. In terms
of the overall diversity-multiplexing (DM) tradeoff of a relay channel, we show that independent cod-
ing based distributed delay diversity and asynchronous space-time coded cooperative diversity schemes
achieve the same performance as the synchronous space-time coded approach which requires accurate
symbol-level timing synchronization to ensure signals arriving at the destination from different relay
nodes are perfectly synchronized. This demonstrates diversity order is maintained even at the presence
of asynchronism between relay node. Moreover, when all relay nodes succeed in decoding the source in-
formation, the asynchronous space-time coded approach is capable of achieving better DM-tradeoff than
synchronous schemes and performs equivalently to transmitting information through a parallel fading
channel as far as the DM-tradeoff is concerned. This reveals the benefits of fully exploiting the space-
time degrees of freedom in multiple antenna systems by employing asynchronous space-time codes even
in a frequency flat fading channel. In addition, it is shown an asynchronous space-time coded system
is able to achieve higher mutual information than synchronous space-time codes for any finite signal-to-
noise-ratio (SNR) when properly selected baseband waveforms are employed.

To address the bottleneck issue caused by an empty decoding set in orthogonal relay channels, we
propose a mixing strategy which exploits the DM-tradeoff improvement offered by our proposed asyn-
chronous coded approach by mixing decode-and-forward with amplify-and-forward properly. For certain
set of multiplexing gains, the DM-tradeoff performance of such simple mixing strategy is shown to out-
perform schemes proposed recently by Azarian, Gamal and Schniter, where the assumption on orthgonal

channel allocation in relay channels has been removed to improve spectral efficiency.
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1 Introduction

In wireless networks, treating intermediate nodes between the source and its destination as potential relays
and utilizing these relay nodes to improve the diversity gain has attracted considerable attention lately and
re-kindled interests in relay channels after this problem was first attacked from the perspective of Shannon
capacity in the 70’s [1, 2]. One school of works [3-5] follow the footsteps of [2], where they employ block
Markov superposition encoding, random binning and successive decoding as coding strategy. Another line
of work adopts the idea of cooperative diversity which was first proposed in [6, 7] for CDMA networks, and
then extended to wireless networks with multiple sources and relays [8—14]. We are not attempting to provide
a comprehensive review of all related works on relay channels here [3], but instead divert our attentions to
those work related with cooperative diversity.

In this paper, we mainly focus on two well received relaying strategies, namely, decode-and-forward
(DF) and amplify-and-forward (AF) schemes. Decision on which relaying strategy is adopted is subject to
constraints imposed upon relay nodes. If nodes cannot transmit and receive at the same time and thus work in
a half-duplex mode [15], the communication link in a relay channel with single level of relay nodes consists
of two phases. In the first phase, the source broadcast its information to relays and its destination. During
the second phase, relays forward either re-encoded source transmissions (decode-and-forward) or a scaled
version of received source signals (amplify-and-forward) [10]. At the destination, signals arriving over two
phases are jointly processed to improve the overall performance. Variations of these schemes include allow-
ing source nodes to continuously send packets over two phases to increase the spectral efficiency [12, 16].
As for coding strategies through which cooperative diversity is achieved, [11] proposes to encode the source
information over two independent blocks from source to destination and relays to destination, respectively.
In [13], without requiring relay nodes to provide feedback messages to the source, rate compatible punctured
convolutional codes (RCPC) and turbo codes are proposed to encode over two independent blocks. Also, an
extension is made by putting multiple antennas at relay nodes to further improve the diversity and multiplex-
ing gain. If multiple relay nodes are considered as virtual antennas, a space-time-coded cooperative diversity
approach is proposed in [9] to jointly encode the source signals across successful relay nodes during the
second phase.

As noted in [17], synchronization of relay nodes is an important and critical issue in exploiting coopera-
tive diversity in wireless ad hoc and sensor networks. However, in the existing works, e.g., [9, 18], it has been
assumed that relay nodes are perfectly synchronized such that signals arriving at the destination node from
distinct relay nodes are aligned perfectly with respect to their symbol epochs. Under this assumption, dis-
tributed space-time-coded cooperative diversity approach achieves diversity gains in the order of the number
of available transmitting nodes in a relay network [9].

Perfect synchronization is, however, hard, if not impossible, to be achieved in infra-structureless wireless
ad-hoc and sensor networks. In [19], the issue of carrier asynchronism between the source and relay node is

addressed in terms of its impact on the lower and upper bounds of the outage and ergodic capacity of a three-



node wireless relay channel. At the presence of time delays between relay nodes, an extension of Alamouti
space-time-block-codes (STBC) [20] is proposed in [21] to exploit spatial diversity when the time delay is
only an integer number of symbol periods. And in [22, 23], macroscopic space-time codes are designed to
perform robust against uncertainties of relative delays between different basestations. Without requiring the
symbol synchronization, we propose a repetition coding based distributed delay diversity scheme in [24, 25]
which achieves the same order of diversity promised by distributed space-time codes. Unlike the extension of
other approaches to the synchronization problem in distributed space-time coding [22], the proposed system
also admits a robust and easily trainable receiver when synchronization is not present in the system.

In [26], relay nodes perform adaptive decode-and-forward or amplify-and-forward schemes allowing
them to transmit or remain silent depending on the received signal-to-noise-ratio (SNR). However, their
proposed schemes require intentionally increasing data symbol period to avoid inter-symbol-interference
(IST) caused by the asynchronous transmission of the same source signal to different receivers, which limits
efficiency. In [27], asynchronism caused by phase error of channel fading variables is studied in terms of its
impact on relay network’s energy efficiency in low SNR region.

To the best of our knowledge, there does not exist yet too much work regarding the impact of symbol
level asynchronism on the performance of relay networks in a comprehensive manner. The system model
in [28] is closest to what we assumed in [29] and this paper in terms of the consideration of symbol level
asynchronism. However, only AF scheme is considered in [28] from the perspective of the scaling law
of ergodic capacity. In this paper, diversity-multiplexing (DM) tradeoff function is adopted as a metric to
compare the performance of our proposed asynchronous cooperative diversity schemes with the existing
synchronous space-time-coded cooperative diversity strategy. As first put forward by Zheng and Tse in the
context of multiple antenna systems [30], the diversity-multiplexing tradeoff function reveals a fundamental
relationship between the diversity gain which characterizes the asymptotic rate of decoding error approaching
zero as SNR increases, and the multiplexing gain which characterizes the asymptotic spectral efficiency in
the large SNR regime. The idea has recently been extended to relay channels [9, 16] and multiple access
channels [31].

Without loss of generality (WLOG), we consider a relay channel where a source node communicates
with its destination with the help of two potential relays. Nodes are assumed to work in a half duplex mode
[15, 27, 28], in which no one can transmit and receive simultaneously. The entire transmission period is
divided into two phases. In the first phase, source broadcasts while relays and destination listen. In the
second phase, source stops transmitting and relays which succeed in decoding in the first phase forward
source messages to the destination, where received signals over the whole period is jointly processed. Our
major contributions can be summarized as follows.

We first show the lower bound of the DM-tradeoft for space-time-coded cooperative diversity scheme
developed in [9] is actually the exact tradeoff function. In addition, it is shown the overall DM-tradeoff under
the decode-and-forward strategy is dominated by a bottleneck case when no relay node succeeds in decoding

the source information correctly.



We then propose two asynchronous cooperative schemes under the symbol-level asynchronism. The first
one is distributed delay diversity scheme in which successful relay nodes forward source information encoded
with the same codewords. Consequently, an equivalent multipath fading channel is produced between relays
and destination. When relay codeword is independent of source codeword, we prove that the overall DM-
tradeoff function remains unchanged compared with the synchronous scheme, provided the MAC protocol
ensures the relative delay T between two relay-destination links satisfies 7y > 2/B,,, where B,, is the
bandwidth of baseband signals. When relay codeword are identical with the source codeword, only when
B, T} is a positive integer, can we reach the same conclusion as the independent case. Otherwise, the overall
DM-tradeoff is degraded.

The second asynchronous cooperative diversity approach we propose is more bandwidth efficient in that
asynchronous space-time codes are employed across successful relay nodes to jointly encode the decoded
source information at the presence of asynchronism. We first prove this scheme achieves the same amount of
overall diversity as the synchronous one. Moreover, we demonstrate the presence of asynchronism provides
us an opportunity to fully exploit all degrees of freedom in space-time domain, as evidenced by an improve-
ment of the DM-tradeoff when all relay nodes succeed in decoding in the first phase. Such an improvement
is due to the decoupling of the original multiple-input-single-output (MISO) channel between relay nodes
and destination into an equivalent parallel channel whose DM-tradeoff is better than that of a synchronous
MISO channel. In addition, under certain conditions on baseband waveforms, the mutual information of the
asynchronous channel is higher than the synchronous channel for any finite SNR.

It has been recently shown in [16] that the spectral efficiency and DM-tradeoff for relay channels can be
improved if source node keeps on transmitting signals over two phases and relay nodes don’t start forwarding
until they collect sufficient information and energy to perform the decoding. As a comparison, we propose a
mixing approach where the amplify-and-forward and asynchronous decode-and-forward schemes are com-
bined together. Such approach not only alleviates to some extent the bottleneck caused by the absence of
successful relay nodes, but also yields better DM-tradeoff than schemes proposed [16] for some range of
multiplexing gain even when source only broadcasts in the first phase and stops its transmission in the sec-
ond phase, which is suggested not efficient in [16]. Our results suggest the ultimate efficient relaying strategy
should be featuring both the non-orthogonal channel allocation as proposed by [16], as well as the complete
exploitation of temporal-spatial degrees of freedom using asynchronous coding approach as revealed in our
analysis.

This paper is organized as follows. The system model of a relay channel is introduced in Section 2.
We revisit the DM-tradeoff of the synchronous space-time-coded scheme proposed by [9] in Section 3.1 and
prove their lower bound is actually the exact value. An independent coding based and repetition coding based
distributed delay diversity schemes and an asynchronous space-time coded cooperative diversity scheme are
proposed in Section 3.2 and 3.3, respectively. Their DM-tradeoff are analyzed and compared against the
synchronous coded approach. A mixing relaying strategy combining DF and AF is proposed in Section 3.4

to resolve to certain extent the bottleneck issue which restricts the overall DM-tradeoff for orthogonal relay



channels. Finally, we conclude the paper in Section 4.

2 System Model
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Figure 1: System model of an ad hoc wireless network

To simplify analysis and reveal fundamental insights, we consider a relay network where the source node
transmits messages to its destination node with the help of X' = 2 relays. It is assumed relay nodes work
in a half-duplex mode, which prohibits them from transmitting and receiving at the same time [15]. As
assumed in [9], the system works in two phases. In the first phase, the source broadcasts its transmission to
its destination and potential relays. In the second phase, source remains silent and only those relays which
succeed in decoding the source information forward the packets after reprocessing. A mathematical model of
such a network is shown in Figure 1. After some processing of the received signal Y, (), k = 1,2 from the
source node Ng at the kth relay node N, , Ny, transmits the processed packets via X g, (t) to the destination
node Np, where signals from all involved paths are processed jointly to improve the overall performance.
Quasi-static narrow-band transmission is assumed where the channel between any pair of nodes is frequency
non-selective, and the associated fading coefficients remain unchanged during the transmission of a whole
packet, but are independent from node to node and packet to packet. Time delays {74} are introduced on each
path, which incorporate the processing time at relay nodes and propagation delays of the whole route. More
specifically, 7 is the delay from Ng to Np, and 7 is the cumulative delay for the transmission from Ng to
Ng, , processing at Ng, and for transmission from Ng, to Np, for k = 1,2. The noise processes Wg(t),
Wp(t) and Wi(t),k = 1,2 are independent complex white Gaussian noise with two-sided power spectral
density Np. Assume signals X;(¢),7 € {S, Ry, Ry} share a common radio channel with complex baseband

equivalent bandwidth [—B,,/2, B,,/2] and each node transmits signals of duration 7y, which leads to the



transmission of L = | B,,Ty] independent complex symbols over one packet. Define SNR = Nfg—w = f—%,
where Py and P; = P;/B, are the common continuous and discrete time transmission power of each
transmitting node, respectively [9], which are assumed fixed.

The complex channel gain «; ; captures the effects of both pathloss and the quasi-static fading on trans-
missions from node NV; to node Nj, where ¢ € {S, Ry, Ry}, and j € {Ry, Ry, D}. Statistically, «; ; are
modeled as zero mean, mutually independent complex jointly Gaussian random variables with variances

az ;- The fading variances are specified using wireless path-loss models based on the network geometry [32].
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whose value, as estimated from field experiments, lies in the range 2 < p < 5. Throughout this paper,

Here, it is assumed that Ui2, j X 1/d; ., where d; ; is the distance from node N; to N;, and 1 is a constant
we assume «; ; is perfectly known at receiver N, but not available to the transmitter N;. Consequently,
transmission schemes exploiting transmitter side channel state information (CSI), such as successive encod-
ing [33] using dirty paper coding approach [34] and power control schemes [35] , are not considered in this
paper.

The two-phase transmission and half-duplex mode of relay nodes results in orthogonality in time between
the packet arriving at Np via the direct path from Ny and the collection of packets arriving at Np through
different relay nodes. Note that the orthogonality between signals X g, (¢) and X g, (¢) transmitted from nodes
Ng, and Ng, is not assumed, which forms the crux of the problem. Time difference 7, — 79 incorporates the
processing time of a whole packet at Vg, in addition to the relative propagation delay between the kth relay
path and the direct link. Without loss of generality (WLOG), 7 is set to zero. Under the preceding model as

described above, the received signals in Fig. 1 are specified by :
Vi, (t) = as,r, Xs(t) + Wi(t), k = 1,2, Yp,(t) = aspXs () + Ws(?),

and

Yoo(t) = Y a;pX;(t—1)) + Wp(t),
J€D(s)

where Yp_(t) and Yp,(t) have no common support in time domain, and D(s) denotes the set of relay

nodes which have successfully decoded the information from N, whose cardinality |D(s)| satisfies |D(s)| €
{0,1,2}.

3 Diversity-Multiplexing Tradeoff

3.1 Synchronous Distributed Space-time-Coded Cooper ative Diver sity

The DM-tradeoff of the distributed space-time-coded cooperative relaying proposed in [9] is revisited in

this section. To study DM-tradeoff function, the source transmission rate R(bits/second/Hz) needs to be



parameterized as a function of the transmission SNR as follows [9],
R (SNR) = rlog (14 SNRo% v,) » (1)

where 0 < r < 1 characterizes the spectral efficiency normalized by the direct link channel capacity, which
illustrates how fast the source data rate varies with respect to SNR and is defined as the multiplexing gain in

[30], i.e.

R (SNR)
r=_lim ———.
SNR— oo log SNR

A fundamental figure introduced in [30] is the diversity-multiplexing tradeoff illuminating the relationship
between the reliability of data transmissions in terms of diversity gain, and the spectral efficiency in terms of
multiplexing gain. This relationship can be characterized by mapping the diversity gain as a function of r,

i.e. d(r), where d(r) is the diversity gain and defined by

dr) = lim _log (Pr[/ < R(SNR)])

— 2
SN lgSNR @

and [ is the mutual information between the source and its destination node.
Laneman and Wornell developed lower and upper bounds of this tradeoff function for space-time-coded
cooperative diversity scheme by assuming perfect symbol-level synchronization [9]. Denote dg..(r) as the

corresponding tradeoff function, which was shown bounded by

(K +1)(1 - 2r) < dye(r) < (K + 1) (1 . KLH : 2r> , 3)

where K + 1 denote the total number of potential transmitting nodes in the network. In this paper, we have
K + 1 = 3 for a four-node network. When d.(r) is computed using the definition of (2), Pr[I < R (SNR)]
is the outage probability that the mutual information of an equivalent channel between the source and its
destination is below the parameterized spectral efficiency R when all possible outcomes of relays decoding

source signals are counted. Next, we show the lower bound 3 — 67 in (3) is actually the exact value of d 4.

Theorem 1. The lower bound of the diversity-multiplexing tradeoff for the synchronous space-time-coded
cooperative diversity developed in [9] is actually the exact value, i.e. dg..(r) = (K + 1)(1 — 2r).

Proof. For comparison purpose, similar definitions as in [9] are adopted in the sequel. It will be shown below

that a bottleneck case dominates the overall diversity order d s () and thus leads to the desired result.
Suppose identically and independently distributed (i.i.d) circularly symmetric, complex Gaussian code-

books are employed by the source and all successful relay nodes. Conditioned on the decoding set D(s),

the mutual information . between Ng and Np of the distributed space-time-coded scheme with perfect



synchronization is [9, Eq. (18)]

1 2 ) 1 2 )
Iye = §log <1+K—HSNR|ag7D| >+§log 1+K—HSNRR§()|aRk,D| , “4)
k s

where 2/(K + 1) is a normalization factor introduced to make a fair comparison with the non-cooperative
scheme and the factor 1/2 in front of log-functions is due to the encoding over two independent blocks.

The outage probability can be calculated based on the total probability law

Pr[ly. < R] = Z Pr[D(s)]| Pr[Iy. < R|D(s)], (5)

where the probability of the decoding set is

Pr(D(s)]= [] Prlsek, >RIx ][] Prllss, <R], (6)
RLED(s) R;j¢D(s)

and Ig, R, is the mutual information between N and IV R; using i.i.d complex Gaussian codebooks, given by

I, = %log (1 + KLH SNR |asg g, \2> . 7
In order to derive the overall tradeoff function dg.(7), we need to study the asymptotic behavior of all sum
terms in (5) where R should be replaced by (1). However in [9], the bounds of d . (r) in (3) are developed
by first fixing R in order to obtain an asymptotic equivalence form of Pr[Is. < R| and then substituting the
rate R with R(SN R). This approach conceals the dominance of the worst situation when all relay nodes fail
in decoding source messages, which consequently drags down the overall diversity order in an overwhelming
manner. This point will be made more clearly through our asymptotic analysis.

Consider first the outage probability Pr [I S.R; < R} for large SNR:

[1 2
PriIgpr <R] = Pr 5 log <1 + ﬁSNRlaS,RjP) < rlog (1+ SNRO'gp)

K
(Ug,p) 2r

2/(K+1)

~ Pr |aS,Rj|2 < SNR? !

= 1—exp {—)\gﬁjSNR%_ICO} , 8)

where “~" is the symbol for asymptotic equivalence at large SNR [36], i.e. as SNR — oo, f(SNR) ~

0_2 2r
g(SNR) = limgNR ., J/(SNR)/g(SNR) = 1. With ¢y = %, the second equality is because |« ;|2

is exponentially distributed with parameter \; ; = 1/ 02-2, ;- It can be seen from (8) that if r > 1 /2, the

probability of no successful relay nodes, i.e. |D(s)| = 0, is in the order of a non-zero constant for large SNR.



In addition, the conditional overall outage probability given |D(s)| = 0 can be determined similarly by
Pr[Iy. < R||D(s)| = 0] ~ 1 —exp {—As,pSNR¥ ¢y } , )

which is also in the order of a non-zero constant when r > 1/2. Therefore, if » > 1/2, the overall outage
probability Pr[/s. < R] is dominated by a non-zero and non-vanishing term as SNR — oo which is of no
interest to our investigation of the DM-tradeoff. Actually, such limitation imposed on multiplexing gain is
due to our restriction of letting source and relay work in the half duplex mode. Recently, cooperative diversity
schemes addressing this half duplex limitation are proposed in [16]. In Section 3.4, we will make compar-
isons between our proposed strategies and those in [16] to illustrate benefits of exploiting asynchronism. For
schemes proposed subsequently in this paper, we only consider multiplexing gains r € [0, 1/2). Under such

condition and e¢* ~ 1 + x for x — 0, we obtain
Pr[Isp, < R] ~ As.r;coSNR™UIT2) 0 <r <1/2,j=1,2. (10)

Thus, the probability of the decoding set D(s) is

K—|D(s)|
Pr[D(s)] ~ |cgSNR(=27] I s ID(s)] € {0, 1,2} (1n)
JZD(s)
Combining (9) and (11), we obtain
2
Pr{lye < R, |D(s)| = 0] ~ As,p [ [ As.r,cl - SNR30727), (12)
j=1

Next, we show when |D(s)| > 0, the overall diversity is dominated by the term 3(1—2r), i.e. SNR ~3(1=2)

becomes the slowest vanishing term as SNR — oc.

To simplify denotations, we define SNR = a?g’ pSNR and |G j|* = % - | j|>. Random variables
- 2 '
|&; j|? are exponentially distributed with parameters \; ; = % - Ai,j- In order to study the asymptotic

behavior of the conditional outage probability Pr[/s. < R|D(s)] for |D(s)| > 0, we further normalize

|G 5|2 by Bij = —% [30], which yields (1 + s,’l\ﬁayam\?) ~ SNR(=A:1)" for large SNR, where
og



(2)* denotes max {z,0}. Thus, the conditional outage probability given N, € D(s) is

Prlly. < RI[D(s)| = 1,Ng, € D(s)] = Pr| > log (1 + SNR |di7D|2) < 2rlog (1 + sfﬁz)
iE{S7R1}
~ Pr [ﬁZiG{S,Rl}(l_Bi,D)+ < S/I\ﬁiw]

= Pr| > (1-Bipt<2

i€{S,R1}

1\ 2 — ~
_ / (ogSNR)™ ] sNR R s
peA ke{S,R1}

- — —ﬁ ,
exp {_)\kSNR kD} dBs,pdBR, D, (13)

where 8 = {3; p} and A = {@ : Zie{sle}(l —Bip)t < 2r}, and the last equality is yielded by integrat-
ing the joint probability density function of the vector of {3; p} over A. As shown in [30, pp. 1079], we

only need to consider the set

A=4p8: Z (1-Bip)" <2r,B;p >0

i€{S,R1}

for the asymptotic behavior of the right hand side (RHS) of (13) since the term exp {—S\kSﬁ{_ﬁk'D } decays

exponentially fast for any 3; p < 0 whose exclusion does not affect the diversity order. Therefore,

1\ 2 — -0 ~
Pr[Lyc < R|D(s) = {Ng,}] ~ / ~(logSNR) II SNR "X pdBspdBr,.p.  (14)
BeA ke{S,R1}

As we need to obtain the asymptotic relation of all sum terms in (5), studying an asymptotic equivalence
of log (Pr[Is. < R|D(s) = {Ng,}]) as log SNR — oo is not sufficient to give us the desired asymptotic
equivalence for Pr [/, < R|D(s) = {Ng, }| because in general we have: [36, p. 38]

log (f(x)) ~1log (g(x)) , x — 00 7 f(x) ~ g(x), 2 — . (15)

Consequently, we need to delve into more precise asymptotic characterization of (14) by dividing A into
four non-overlapping subsets: A = U?:l A;, where A; = {Bs,p > 1,0Br,.p > 1}, Ay = {Bs.p > 1,
1-2r <Br,p <1}, A3 = {1-2r <fsp <1,0rp>1} and 4y = {0<Bp <1, Yicisry
Bk > 2 —2r}. As a result, the RHS of (14) is divided into four terms each of which is an integral over
Ai,i = 1,...,4, respectively. The asymptomatic equivalence of each term is then studied individually

which leads to Lemma 1.



Lemma 1. The asymptotic equivalence of the RHS of (14) is

—\2 B p-~ N\ o\ —(2-2r) -
log SNR SNR " Ay pdBr,p ~ |2rlogSNR) (SNR Ae,p-  (16)
s b L S8 Nt = v ) (96 75 ]

Proof. See Appendix A.1

O
If f ~¢and g~ ¢ asx — xg, we have fg ~ ¢t [36]. Thus, combining (11), (14) and (16) yields:
Lemma 2. The asymptotic equivalence of the outage probability for D(s) = {Ng, } is
~ ~ ~ —\ —(3—4r) —
Pr Iy < R,D(s) = {Ng, }] ~ cors.DAR,.DAS.R, (SNR) <2r log SNR) . (17)
It can be shown using the similar approach that
~ ~ ~ —\ —(3—4r) —
Pr[Ie < B,D(s) = {NR,}] ~ cors.p ARy DAS.Rs (SNR) <2r log SNR) , (18)

which makes the following asymptotic equivalence hold,
~ ~ ~ ~ ~ —\ —(3—4r) —
Pr [l < R, |D(s)| = 1] ~ (AS,RIARQ,D + AS,RQARl,D) 2s.p (SNR) (2r log SNR) . (19)

The only term left in (5) represents the case when two relay nodes both succeed in decoding the source
messages and then jointly encode using i.i.d complex Gaussian codebooks independent of the source code-

words. For this case, we obtain

Lemma 3. When both relay nodes are in the decoding set, the overall outage probability has an asymptotic
behavior characterized by

) —3+4r 0)

Priluc <R, D(s) =21~2 ] b (SNAfe
kE{S,Rl,RQ}

Proof. See Appendix A.2. O

Given the asymptotic equivalence of outage probabilities Pr /4. < R, |D(s)| = j] for j € {0,1,2} in
(12), (19) and (20), we can conclude the overall decaying rate of Pr[I. < R] towards zero is subject to the
worse case when there is no relay node in the decoding set because SNR ~3+6" in (12) dominates SNR 34"
in (19) and (20) for large SNR. Therefore, the overall outage probability has the following asymptotic
behavior,

~ ——\ —3+6r
Priluc <R~ [ Asu (SNR)
ke{D,R1,R2}

1
,OSTSE, 21

10



which implies dg(r) = 3(1 —2r), 0 < r < 1/2. This is the lower-bound of (3) developed in [9] for
K + 1 = 3. It means the worst scenario in a cooperative diversity scheme using the decode-and-forward
strategy is when all relay nodes fail to decode the source packets correctly and the DM-tradeoff function
under this case becomes the dominant one in determining the overall DM-trade-off function d (7). This

conclusion can be extended in a straightforward manner to the case of more than 2 relay nodes yielding

~log (Pr[/ < R(SNR)])

d = i =(K+1)(1-2r),0<r<1/2, 22
welr) = Jim or SR (K+1(1—2),0<r <1/ 22)

which thus proves Theorem 1.
O

Next, without assuming perfect synchronization between relay nodes, we investigate the impact of asyn-
chronism on the overall diversity-multiplexing tradeoff for cooperative diversity schemes. This asynchro-
nism is presented in terms of non-zero relative delays between relay-destination links. As long as source
only transmits in the first phase, different cooperative diversity schemes differ only in the second phase on
how relay nodes encode over that period. No matter which scheme is employed, the overall DM-tradeoff is
always 3 — 6r provided the case of an empty set D(s) overshadows other cases when more than one relay

node succeeds in decoding. If this occurs, the overall DM-tradeoft is not affected by asynchronism.

3.2 Didtributed Delay Diversity

In this section, we first consider a scheme in which successful relay nodes employ the same Gaussian code-
book independent of the source codebook. We also investigate a repetition coding based delay diversity
scheme where relay nodes in D(s) use the same codebook as adopted by source [24].

It will be shown next in Theorem 3 and Theorem 4 that as long as relative delay 77 and transmitted signal
bandwidth B,, satisfies certain conditions, both of these two schemes can achieve the same DM-tradeoff as
the synchronous distributed space-time coded scheme, which shows asynchronism does not hurt DM-tradeoff
in certain cases. In addition, we prove that repetition coding based approach is fundamentally inferior than
the independent coding based approach due to its inefficiency of exploiting degrees of freedom of the former
one, as revealed in Theorem 4.

In [37], a deliberate delay was also introduced between two transmit antennas at a basestation in order to
exploit the potential spatial diversity. Our proposed distributed delay diversity schemes are similar with that
scheme in the sense both of these two approaches create equivalent multipath link between transmitter and
receiver. They differ fundamentally, however, in the following ways: The relative delays between transmit
antennas at different relay nodes are inherent in nature in our case due to distinct locations of relay nodes, as
well as the difference in processing time at each relay node. Secondly, relative delays are required to satisfy
certain conditions in order to achieve certain amount DM-tradeoff as proved in Theorem 3 and Theorem 4.

These conditions imply higher layer protocols should be implemented across relay nodes as proposed in [25].
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While in [37] coordination through protocols is not an issue as antennas are located at a basestation. The
last major difference is here we are concerned with the DM-tradeoff function of diversity schemes. As a
contrast, the diversity order studied by [37] is only one particular point on the DM-tradeoff curve for r = 0.
Therefore, we term our schemes as distributed delay diversity schemes in the sequel to avoid making any

further confusion.

3.2.1 Independent Coding Based Distributed Delay Diversity

In the system model described in Section 2, we assume 71 # 7 and Xg, (t) = Xg,(t) = Xg(t). Informa-
tion bearing baseband signals Xg(¢) and Xr(t), t € [0,7], are finite duration replica of two independent
stationary complex Gaussian random processes having zero mean and independent real and imaginary parts.
Their power spectral densities (PSD) have double-sided bandwidth B,,/2 and are assumed to be flat since
transmitters don’t have side information about the channel state and ‘water-pouring’ arguments [38] cannot
be used [39]. Therefore, the transmission of X ;(¢) equivalently leads to the transmission of L = |B,,T|
independent complex Gaussian symbols over one packet [39] during each phase. If there are more than
one relay node in the decoding set D(s), an equivalent multipath fading channel is formed between these
successful relay nodes and the destination in the second phase.
When B, T > 1, given the decoding set D(s), the mutual information of the whole link is

By /2
—— log [1 + po|Hr,p(f)|?] df (bits/s/Hz) , (23)
2Bu ) B,

1
Itpa = 3 log [1 + polas,p|*] +
where the second term is the mutual information of the equivalent multipath fading channel whose frequency
response is Hr,p(f) = D g, ep(s) “Ry, pe??™ 7k [39] conditioned on fading gains «; ; and time delays
{7k, R, € D(s)}, and pp = KLHSNR is the normalized signal-to-noise-ratio.

Given delays {71}, the conditional outage probability is

Poujr = Pr(Irpa < R|T) = Z Pr[D(s)|z)Pr{Irpa < R|D(s),1], (24)
D(s)

where R is defined in (1) and 7 is the delay vector. The outage probability averaged over the distribution of
delays is
Pout = Pr(Irpa < R) = Ey [Pour] - (25)

Next, we show the asymptotic behavior of P, as SNR — oo is irrelevant of the exact values of delays,
provided {7} satisfies certain conditions.

If the number of relay nodes forwarding in the second phase is no greater than 1, i.e. |D(s)| < 1, there
does not exist an equivalent multipath channel in the second phase and thus the mutual information I7p4
in (23) is equal to I determined in (4) for the same decoding set D(s). Therefore, the sum terms in (24)

corresponding to |D(s)| = 0 and |D(s)| = 1 have the same asymptotic slops of SNR as characterized in (12)
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and (19). However, when two relay nodes are both in D(s), the mutual information I7p 4 in (23) needs to
be studied individually. Assume 7% is put in an increasing order and WLOG let 71 = ming, cp(s) 7% = 0.

Define Ty = ming, cp(s),r, 20 Tk- We have

Theorem 2. As long as the relative delay between two paths Nz, — Np and Ngr, — Np satisfies Ty B,, >
2 and ToB,, ¢ Z™, the conditional outage probability given |D(s)| = 2 satisfies

% H Ae.D (Sfl\m) LY Irpa < R, [D(s)| = 2|7] ~ 2 H Ae,D (ST\WQ

ke{S,R1,R2} ke{S,R1,R2}

) —34-6r

(26)

for r € [0,1/2]. If relative delay satisfies ToB,, € Z, Pr{Irpa < R, |D(s)| = 2|z] vanishes at a rate of
—\ —3+4r
(SNR) for large SNR.

Proof. Given |D(s)| = 2, ITp4 in (23) can be expressed by

2

1 . I o
Troa = Log [1 + polas,pl ] 4 / log |1+ po Z QR,,pe’ 7o du. 27
2 47TBu)T0 —7TBwTO kED(S)

TR 2
Note by Cauchy-Schwartz inequality, we have ‘zkED(s) ag, pe’ T ‘ < D(s)| X ken(s) lagr,.p|*. Asa

result, the mutual information Ip 4 in (27) can be upper-bounded by I }UD) 4 defined below:

1 1
Itpa < 3 log [1 + polas,p|*] + 5 log [1 + 200 (|ory,p|* + |ary,p[?)]
A L(U)
= Irpy- (28)

Comparing Igg 4 With I in (4), we can see Igg 4 1s actually the mutual information of a synchronous

space-time-coded cooperative diversity scheme with |D(s)| = 2 and power scaled in the second phase.

Therefore, the outage probability in (26) can be characterized by Lemma 3:

1 ~ ——\ —3+4r
pr |1 < R, [D(s)| =2, yr] ~3 II o <SNR) L1 e0,1/2), (29)
kG{S,Rl,RQ}
which implies the DM-tradeoff of the independent coding based distributed delay diversity scheme given
|D(s)| = 2 cannot beat the corresponding synchronous space-time-coded approach, as expected.
Next, we seek a lower-bound of I7pa. Assume 7B, > 1 and denote Ay = |Tp By, /[ToBy] < 1,

where |z] is the greatest integer less than or equal to x and [z] is the smallest integer greater than or equal
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to x. The lower bound I, ;Ll% 40f ITp A can be determined as

Itpa > 5 log [1 + p0|a5,D| ] + 7% . log |1+ pg Z aRk,DGJUTO du
keD(s)
1 21 An L+ pov + \/1 + (pow)? + 2pov
= <log [1+ polas,pl’] + —log 7
2 9 9
A 1-|-,00 OZR7D2+ O[R7D2 A (L
=z 71 <1Og [1 + poles,p[?] + log om0 + lor.l") | & i 30)

2

where 6 = |TyBy ), v = |agr, p|? + |ag,.p|?> and w = |ag, p|? — |ar,.p|?. The first inequality is due to
the non-negative integrand in (27) and A; < 1. The equality is from the following integral equation [40, pp.
527 (Eq. 41)],

o R gy

log (14 asinx + bcosz) dx = log 5

— , fora® +v* < 1. (31)
27'(' 0

The last inequality is due to 1 + (pow)2 +2pgv > 0and A; < 1. Similar techniques as in proving Lemma 3

can be applied to yield
- N\ 34
Pr [I}%A <R, |D(s)| = 2|¢] ~2 [ Mo (SNR) A1 (32)
ke€{S,R1,R2}
If TyB,, is a positive integer, we have A; = 1 which makes the lower bound and upper bound of the

outage probability as shown in (29) and (32) have the same asymptotic behavior. If Ty B,, is a non-integer
and ToB,, > 2, i.e. the relative delay between two relay-destination links satisfies 7y > 2/B,,, we have
Ay > 2/3 yielding 3 — 4r/A; > 3 — 6r. Based upon the preceding analysis, combining (29) and (32),
therefore, yields Theorem 2.

O

Theorem 2 essentially illustrates when two relay nodes both succeed in decoding the source information
and then forward it using the same Gaussian codebook independent of what source sends, the overall diversity
gain is at least as good as 3 — 67 as long as the relative delay 77y between two paths is sufficiently large
satisfying the lower bound 7y > 2/B,,. This inequality reveals a fundamental relationship featuring the
dependence of performance in terms of DM-tradeoff on the equivalent channel characterizations.

If this condition on relative delay is violated, we are unable to achieve the amount of diversity promised in
Theorem 2. For example, when 71 = 79 i.e. Ty = 0, signals transmitted by relay 1 and 2 will be superposed
at the destination end like a one-node relay channel whose channel fading coefficient is a g, p + g, p. The
resulting conditional outage probability Pr[Irpa < R, |D(s)| = 2|7y = 0] thus has the same asymptotic

relation as the one with |D(s)| = 1 characterized by Lemma 1, which implies the overall diversity order is
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now dominated by 2 — 27 and therefore demonstrates the necessity and importance of satisfying the condition
of Ty B,, > 2. Since relative positions of nodes do not necessarily ensure Ty B,, > 2, a MAC layer protocol
is required to meet this requirement [25].

Another remarkable point is the condition in Theorem 2 only involves the relative delay Ty and signal
bandwidth B,,. This is because in our model we consider transmitting a bandlimited Gaussian random
process in a continuous waveform channel and assume B,,7" > 1 in order to invoke the asymptotic results
to obtain the closed form expression in (23) [38, 39]. When transmitted signals take the form of linearly
modulated cyclostationary random process as practical communication system does, the overall DM-tradeoff
of delay diversity will be addressed in Section 3.2.3 and sated in Theorem 5.

Given the asymptotic behavior of Pr[I7pa < R, D(s)| 7] for different |D(s)|, we are ready to calculate
the overall DM-tradeoff.

Theorem 3. Given Ty B,, > 2, where Ty is the relative delay between two paths from relay nodes to node N p
and B,, is the transmitted signal bandwidth, the DM-tradeoff of the distributed independent coding based
delay diversity scheme is

. log (PI’ [IZDA < R(SNR)D
—2r) = < .
drpa(r) = lim oo SNR 3(1 —2r) =dge(r), 0 <r<1/2 (33)

Proof. When |D(s)| < 1, the rates of this conditional outage probability decreasing to zero for large SNR
are equal to those for the corresponding distributed synchronous space-time-coded scheme, i.e. diminishing
rates of Pr{Irpa < R,D(s)|7] are in the order of (Sﬁ{) e and (Sfl\ﬁ{> o for [D(s)] = 0 and
|D(s)| = 1, respectively. When |D(s)| = 2, as long as ToB,, > 2, Pr[Irpa < R,D(s)| 1] decreases to
zero at least in the order of (ﬁ{) o from Theorem 2. Therefore, as far as the overall DM-tradeoff is
concerned, 3 — 6r is the dominant term determining the slope of the total outage probability Py, in (24)
decreasing to zero given 1o B,, > 2.

Moreover, we can see if TpB,, > 2, bounds in Theorem 2 do not depend on the exact value of 7Ty,
which implies - [Pout|z] in (25) has the same asymptotic dominant term ST\IT{_(S_M. Therefore, even
at the presence of non-zero relative delays, the same DM-tradeoff as the synchronized space-time-coded
cooperative diversity scheme can still be achieved, which proves Theorem 3.

O

Note we restrict ourselves to the case of having only two relay nodes. For cases having more than two
relay nodes, the analysis will be more involved and we expect there will exist a lower bound on the minimum
relative delay among multipath from each relay node to the destination in order to yield a satisfying DM-

tradeoff lower bound.
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3.2.2 Repetition Coding Based Distributed Delay Diversity

For the purpose of simplicity, relay nodes in the decoding set can also use the same codeword employed by
source instead of using an independent codebook. In this section, we look into the DM-tradeoff of such a
repetition coding based distributed delay diversity approach.

Denote Ir_7pa as the mutual information of this relay channel. It can be shown [39]

1 Buw/2
Ir_Tpa = 5~ log [1 4 polevs,p|* + po| Hr,p(f)?] df, (34)
2

2By J_B,
where Hp p(f) is defined after (23). Next, we investigate the asymptotic behavior of Pr{Ip_7pa < R,
D(s)| =jlz].j=0,1,2.

For |D(s)| = 0, we have Ir_7pa = Iy = %log(1l + po|as,p|?) whose outage probability has the
same asymptotic characteristic as in (12). When |D(s)| = 1, we have Ir_7pa = %log [1 + po (\a57p|2
+|ag, p|?*)], where Ng, € D(s). The sum of two independently distributed exponential random variables
(\a& p|* + |a Rj, DP) has the similar asymptotic pdf as specified in (88). The outage probability in this case

is characterized by Lemma 4.

Lemma 4. When there is only one relay node in D(s), the asymptotic equivalence of the outage probability
for repetition coding based distributed delay diversity is

- - - - —3(1-2r)
Pr{lp_rpa < R, |D(s)| = 1| 1] ~ (AS,RIARQ,D + )\s,RQ)\Rl,D> s.pSNR . (35)

Proof. by combining the asymptotic result on the decoding set probability in (11) for |D(s)| = 1 and slight
modifying the proof of Lemma 3, we obtain the RHS of (35).

U

If both relay nodes are in D(s), the repetition coding based mutual information I z_7p 4 is [39],

2
1 wBwTo ) JUT—k
Ir—TpA = BT / log |1+ polas,p|™ + po Z ar,,pe To| | du. (36)
mBulo J-nB.my keD(s)
Applying the bounding techniques developed for I7p4 when |D(s)| = 2 leads us to

~ —\ —3+6r < ~ ——\ —3+46r/A1

Qo (A) (SNR) S Pr(lp_rpa < R, [D(s)] = 2|7] & O ()\) (SNR) . 37

1) lQS\S,D_S\Rl,D 1 1) S\S,D_S\Rl,D 1 . 3
where Qo (A) = 1250 mp Ike(s,ri,moy Ao @1 (A) = Py p Ilke(s ry,Roy Ak.p giVeN As D >

A Ri,D > 5\37 p. For other situations regarding {)\j7 D}, we have the similar lower- and upper-bounds as in

(37) except functions (g <5\> and Q)1 (X) need to be modified accordingly without affecting slopes.
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Based on the asymptotic equivalence of conditional outage probability for cases |D(s)| = 5,7 =0, 1, 2,
as shown in (12), (35) and (37), respectively, we can conclude about the overall diversity gain for the repeti-

tion coding based distributed delay diversity:

Theorem 4. The upper-bound and lower-bound of the overall DM-tradeoff of the repetition coding based
distributed delay diversity are determined by

1
3—67‘/A1 SdR—TDA(T) §3—67"=dTDA(T), 0<r< 5, (38)

where Ay = |TyBy | /[ToBw| < 1, provided the relative delay T, and transmitted signal bandwidth B,
satisfies Ty B,, > 1. The equality in (38) is achieved when T, B,, € Z*, i.e. when A; = 1.

Proof. First, the lower bound in (37) demonstrates Pr{/r_7rpa < R, |D(s)| = 2|z] decreases to zero no
——\ —3+67r

faster than (SNR)

(35). We can thus infer that the dominant factor affecting the overall DM-tradeoff is subject to the case of

, which is the vanishing rate for cases of |D(s)| < 1, as reflected in (12) and

|D(s)| = 2, which consequently yields the inequality in (38).

If the relative delay and transmitted signal bandwidth satisfies 79B,, > 1, we have 1 > A; > 1/2;
otherwise A; = 0 making the lower bound in (38) trivial. Meanwhile, when T B,, is a positive integer,
the asymptotic rates reflected in the lower and upper bounds in (37) agree with each other, which yields
dr—Tpa(r) =3 —6r.

We can therefore conclude based upon the preceding analysis that the diversity of repetition coding based
distributed delay diversity scheme is always no greater than the independent coding based distributed delay
diversity scheme, and thus complete proof of Theorem 4.

O

In terms of DM-tradeoff, Theorem 4 reveals a fundamental limitation imposed by employing the rep-
etition coding based relaying strategy as compared with the independent coding based one in Theorem 3.
An additional observation we can make from Theorem 4 and Theorem 3 is that distributed delay diversity
schemes achieve the same DM-tradeoff 3 — 6r as that under synchronous distributed space-time-coded co-
operative diversity approach studied in[9], if the relative delay Ty and bandwidth B,, satisfies ToB,, € Z7.
Moreover, if Ty B,, > 2, both of these two cooperative diversity schemes achieve a diversity of order 3,
the number of potential transmit nodes, when the spectral efficiency R remains fixed with respect to SNR,
i.e. r = 0, which further demonstrates asynchronism does not hurt diversity as long as relative delay is

sufficiently big to allow us to exploit spatial diversity.

3.2.3 Distributed Delay Diversity with Linearly Modulated Waveforms

For the distributed delay diversity schemes analyzed in Section 3.2.1 and 3.2.2, the transmitted information
carrying signal X(t) is assumed to be a finite duration replica of a complex stationary Gaussian random

process with a flat power spectral density, which is widely adopted in studying the capacity of frequency
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selective fading channel [39]. In this section, we study the diversity gain of an independent coding based
distributed delay diversity scheme employing linearly modulation waveforms X ;(¢t) = >")_, b;j(k)s;(t —
kTs) for j € {S, Ri, Ra}, where s;(t) is a strictly time limited and Root Mean Squared (RMS) bandlimited
waveform [41] of duration T, with unit energy fOTS |s;(t)|?dt = 1 ( Ty is the symbol period), and b; (k) is
the kth symbol transmitted by the jth user satisfying the following power constraint: % > ory bf(k) < pj,
with p; = KLHPS This linearly modulated waveform model is often employed to study the capacity of
asynchronous multiuser systems [41-43] and will be adopted as well when we investigate the DM-tradeoff
of our proposed asynchronous space-time coded cooperative diversity scheme in Section 3.3.

Assume relay nodes employ the decode-and-forward strategy under which {br, (k) = bg,(k)} is a
sequence of i.i.d complex Gaussian random variables with zero mean and unit variance, and independent

of {bs(k)}. Let I,_7p4 denote the mutual information of entire link, which can be computed as in (23):

1 1
I-rpa= 3 log (1+ polas,pl?) + 512—TDA (39)

where Is_7p4 is defined as the mutual information of the equivalent channel between two relays and desti-
nation node.

When there is no more than one relay node involved in forwarding, the outage probability P{I;_7pa <
R,D(s)} for |D(s)| < 1 has the same asymptotic behavior as P{I7p4 < R,D(s)} obtained in Section 3.2.1

in same cases. We thus focus only on the case of |D(s)| = 2.

Theorem 5. For the independent coding based distributed delay diversity scheme under a relative delay
T € (0,Ts), if X;(t) is linearly modulated using a time-limited waveform s(¢) of duration 7’ , the outage
probability Pr [I._rpa < R,|D(s)| = 2,] has the following asymptotic equivalence,

2

m ke{S,R1,R2}

~ ———\ —3+4r
Prilz—rpa < R, [D(s)| = 2] ~ Mo (SNR) T 0<r <12, @40)

where |p12] = | fOTS s(t)s(t — 1) dt| < 1and Ay p are defined in Section 3.1.
Proof. The proof is given in Appendix A.3. U

Theorem 5 demonstrates when X(¢) is linearly modulated using s(¢) of duration T and two relay
nodes are both in D(s), the independent coding based distributed delay diversity scheme achieves a diver-
sity of order 3 — 4r. This result shows under certain conditions asynchronism does not affect the DM-
tradeoff when compared with the synchronous space-time coded approach as revealed in Lemma 3. When
we count all possible outcomes of the relay decoding to calculate the overall DM-tradeoff function, we obtain
dr—1pa(r) = 3 — 6r = dg.(r), r € [0,1/2] due to the same dominating factor caused by no relay nodes

forwarding source information as observed in previous sections.
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3.3 Asynchronous Space-time-coded Cooper ative Diver sity

In this section, assuming no synchronization among relay nodes, we propose a more spectral efficient ap-
proach termed as asynchronous space-time-coded diversity scheme to exploit the spatial diversity in relay
channels. This approach has a better DM-tradeoff than both the distributed delay diversity and synchronous
space-time-coded schemes when two relay nodes are both in the decoding set D(s). Actually, we will show
under certain conditions on the baseband waveform used by both relay nodes, the link between source and its
destination across two relay nodes is equivalent to a parallel channel consisting of three independent channels
in terms of the overall DM-tradeoff function. As a result, employing asynchronous space-time codes enables
us to fully exploit all degrees of freedom available in the space-time domain in relay channels.

We divide the major proof into 3 steps to streamline our presentation. First, we set up an equivalent dis-
crete time channel model from which we obtain the sufficient statistics for decoding under symbol level asyn-
chronism. Next, we prove a convergence result for the achievable mutual information rate as the codeword
block length goes to infinity by applying some techniques in asymptotic spectrum distribution of Toeplitz
forms. Finally, we prove a sufficient condition for the existence of a strictly positive minimum eigenvalue of
the Toeplitz form involved in the former asymptotic mutual information rate. The existence of such positive
minimum eigenvalue proves to be crucial in showing an equivalence of the relay-destination link to a parallel
channel consisting of two independent users, and thus leads us to the desired result on DM-tradeoff function.
At the end of this section, we will make remarks on some cases where not only does asynchronous coded
approach perform better than synchronous one in terms of DM-tradeoff, but also it results in strictly greater

capacity than synchronous one when both relay nodes succeed in decoding.

3.3.1 Discrete Time System Model for Asynchronous Space-time Coded Approach

To address the impact of asynchronism, we follow the footsteps of [42] by assuming a time-limited baseband
waveform. What distinguishes us from [42] is our approaches and results are valid for time constrained
waveforms of an arbitrary finite duration, while [42] requires a waveform lasting for one symbol period. To
gain insights and WLOG, we first tackle a problem where the baseband waveforms employed are time-limited
within 2 symbol periods, and then extend the results to the case with arbitrary time-limited waveforms. The
transmitted baseband signals are X;(t) = > ,_, b;(k)s;(t — kTs), j € {S, R1, Ro} where s;(t) is a time-
limited waveform of duration 27’5 with unit energy, i.e. OQTS s;(t)|>dt = 1, and bj(k) is the kth symbol
transmitted by the jth user satisfying the same power constraint described in Section 3.2.3. We assume X ;(¢)
lasts over a duration of length 7" and the number of symbols transmitted n = T'/T is sufficiently large, i.e.
n > 1, such that the later mutual information has a convergent closed form.

When two relay nodes both succeed in decoding the source messages, asynchronous space-time-codes
are encoded across them to forward the source messages to the destination. Without any channel state infor-
mation of the link between Ng; and Np, independent i.i.d complex Gaussian codebooks are assumed which

are independent of the source codebook. The main difference from the traditional space-time codes is the
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asynchronous one encodes without requiring signals arriving at the destination from virtual antennas (i.e.
relay nodes) to be perfectly synchronized
Let I4_s denote the mutual information of the source-destination channel under the proposed asyn-

chronous space-time-coded scheme. The outage probability of the whole link is

2

Pr [IA—stc < R] = ZPT [IA—stc <R, ’D<S)| = J] . 41)
=0

As only when |D(s)| = 2 will we consider the issue of encoding across relay nodes and cases of |D(s)| <1
are identical as the corresponding cases for synchronous space-time coded approach, we first focus on the
case of |D(s)| = 2. Given |D(s)| = 2, we obtain

1 1
IA—stc = §IE—SD + EIE—MacAa (42)

where Ip_gp is the mutual information of the direct link channel when the baseband waveform has finite
duration, and /g pqc4 is the mutual information of a 2 x 1 MISO system featuring the communication link
between two successful relay nodes and the destination at the presence of symbol level asynchronism caused
by the relative delay 7 — 71, which is assumed to satisfy Ty > 7 — 71 > 0. If the relative delay is greater
than T, this does not affect [r_jpsq.4 for asymptotically long codeword [44]. Our objective is to study the
asymptotic behavior of Ig_ 4.4 for large n since this is closely related to the asymptotic analysis of outage
provability conditioned on |D(s)| = 2.

Next, we develop an equivalent discrete time system model. Assuming 7; are known to the destination
perfectly, we obtain sufficient statistics for making decisions on transmitted data vector {b1(k),b2(k)}, k =
1,--- ,n by passing the received signals through two matched filters for signals s ;(¢ — 7;), respectively [42].

The sampled matched filter outputs are

(k+2)Ts+; .
YDg, (k) = /kT . Yop(t)ag, ps;j (t —kTs —75) dt, j=1,2, k=1,--- ,n. (43)
sTTj

Given Ts > 1 — 71 > 0, the equivalent discrete-time system model is characterized by

[ YDg, (k)

B [o C20y AR, ] [ br, (k —2) ] . [ ailar, > e ar, ] [ b, (k — 1) ]

YDr, (k) 0 0 br,(k —2) fla*R2aR1 g, |2d1 br,(k —1)
| lemP ok, an, ] [ b (k) ] . [ allam - frag,ar, ] [ brs (K + 1)
coapar,  |ag,|? br, (k) crapar,  |ag,[*d bry(k+1)
0 0 br,(k+2 k
+ mk+2) 0 pEmb) (44)
codp, R, 0 br,(k + 2) ZR, (k)

with b, (0) = bg,(—1) = bgr;(n + 1) = bg,;(n +2) = 0,j = 1,2. The coefficients of c1, a1, f1 and d; are
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defined as

Ts Ts
0 = / s1(H)s1(t +Ty), dy = / 5a(t)salt +T), (45)
0 0
2T 2T
coz/ si(t)se (t—T24+71), &1 :/ s1(t)se (t+Ts+ 11 — 72), (46)
0 0
Ts Ts
f1 :/ sa(t)sy (t+Ts+710—1T1), C2 :/ s1(t)se (t +2T5s — 10+ 7). 47
0 0

Thus, the original 2 x 1 MISO channel is now transformed into a 2 x 2 MIMO channel in the discrete time
domain with vector inter-symbol-interferences (ISI). The additive noise vector [z g, (k), zr,(k)]” in (44) is

a discrete time Gaussian random process with zero mean and covariance matrix

ZR1 (k)
ZRa (k)

E

] (25, (1), z;2<m] = NoHg(k — 1), (48)

where Hg(7) for |¢| > 2 are all zero matrices, and matrices Hg(j), —2 < j < 2 are

2 * 2 *
QR Qs QR atlap 10 ap
HE(O) — | ) 1| R1 ) 2 ’ HE(l) _ HET(_l) _ |>!< 1| R12 2 (49)
CO0R, VR, lag, | fiag,ar,  lag,|[*di
and
0 coah o
Hg(2) = Hgf(-2) = [ . ? " e ] (50)

where AT is the conjugate transpose of a matrix A.
Denote QDR(k) = |YDg, (k),yDRQ(k)},QR(k:) = [br,(k),bRr, (k)] and zp(k) = [zr,(k), zg,(k)] for

k=1,--- ,n. The discrete time system model of (44) can be expressed in a more compact form by
y"=Hgb" + 2", (D
where
T
Xn = QDR(l)’ QDR@)? ’QDR(H) , (52)
hn = [QR(1)7 bR(2)> e abR(n)]T7 (53)
z" = [éR(l)v gR(2)7 T 7§R(n)]T7 (54)
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and Hg is a Hermitian block Toeplitz matrix defined by

Hg(0) Hg(-1) Hg(-2)
Hg(l) Hg(0) Hg(-1) Hg(-2)
He — Hg(2) Hg(l) Hg(0) Hg(-1) Hg(-2) ’ (55)
Hg(2) Hg(l) Hg(0) Hg(-1)
I Hg(2) Hg(l) Hg(0)

which is also the covariance matrix of the Gaussian vector z'.

Suppose Hg'™" is available only at the destination end and transmitters employ independent complex
Gaussian codebooks, i.e. vectors by, = [br,(1), - ,br, (n)]" and b, = [br,(1), - b, (n)]" are
independently distributed proper complex white Gaussian vectors, the mutual information of this equivalent
2 x 2 MIMO system at the presence of memory introduced by ISI is [38]

=yt = Llogdet |:12n g [b" ()] HE] . (56)
no = n No

332 Convergence of I, asn — oo
(n)

To obtain the asymptotic result of 1",  ,
Hg = P?T(2n) (P”)T, where 7 (") is a Hermitian block matrix [45] defined by

as n approaches infinity, we can rewrite the matrix Hg as

lar,,p|*Te"(1,1)

ok, p@Rry,0TE"(2,1)

T(2n) _

aRl’Da*R%DTE”(l, 2)
|,y p*TE"(2,2)

and P" is a permutation matrix such that P"b" is a column vector of dimension 2n whose first and second
half entries are b and b, , respectively. The block matrices Tg"(4,7),,j € {1,2} are n x n Toeplitz

matrices specified as

1 aj 0 1 d1 0
al 1 al 0 d1 1 d1 0
Te"(L,1)=1] 0 a 1 a; 0 , TE"(2,2)=1| 0 di 1 dy 0 (57)
L ay 1 ] L dl 1 ]
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and
co f1 O

c1 ¢ fi O
c2 c1 ¢ fi O

TE"(1,2) = (Tg") (2,1) =
(1,2) = (Te")' (2,1) 0 o o e fi O

(58)

Permutation matrix P" is an orthonormal matrix satisfying P (P”)T = Iy, which enables us to rewrite the

: : (n)
mutual information I, as

n 1 1
I}E_)MGCA = Elogdet I2n+/\_/0

0, o

21 Op ] T(2n)]

1 2
= —logdet [Ign + SNR—T(Q”)]

K+1
1 P
_ = _c (2n)
- §_ log [1~|—SNR v (T )} (59)

where 0,, is an X n zero matrix, ¥; = F [ijbijzj] = K%rlP I,,7=1,2and SNR = Nr, Vg (7(2”)) is
the kth eigenvalue of the 2 x 2 block matrix 7 2"). To obtain the limit of I é_) MacA a8 T goes to infinity,
Theorem 3 in [45] regarding the eigenvalue distribution of Hermitian block Toeplitz matrices can be directly

applied here yielding the following theorem:

Theorem 6. As n — oo, we have
lim ., = / Zlog [1 + —SNR vj (Tg(w ))] dw, (60)
where v; (Tg(w)) is the jth largest eigenvalue of a Hermitian matrix

* (172)
lar, p " §w> Ry DO, Dt <w>]7 1)

2,2
R, par,pte (@) o, 25 (W)

Tg(w) = [

whose entries tg’l)(w) are the discrete-time Fourier transforms of the elements of Toeplitz matrices in 7 2,
i.e. tg’l)(w) 2 Stuter (G, 1) e 51 = 1,2, and are determined as

t%l)(w) = [1 +are ™ + alei“] ,
t0P(W) = [ere™ 4 e 4o+ fre] = (tg’l)(w)) :
tg’m (w) = [1 +die” ™ + dlei“] . (62)
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Proof. Theorem 3 in [45] regarding the eigenvalue distribution of Hermitian block Toeplitz matrices yields
the desired results.
O

Corollary 1. For the relay channel model described in Section 2, suppose nodes Ng, and Ny, employ the
same waveform s(¢) such that a; = d; as defined in (45). The limit of mutual information in Theorem 6 can
thus be further simplified as

IE—MacA - nli_,nolo'[gl—)MacA
1 [7 1 2
= o o log |1+ P0§ (|aR1,D\2 + \OzRQ,D|2) kz_:l Vg (w)

2

+pglar,pl*lar,,ol” T 7 (w)
k=1

(63)

where Zizl Up(w) = 2(1+ 2aq cosw) and Hi:l Up(w) = [(1 + 2a; cosw)? — |p(w)|2], with p(w) =

Cle—zw +C2e—z2w + ¢ +f1€zw-

Proof. Eigenvalues of the 2 x 2 matrix Tg(w) satisfy the following relationship

2 2
1
> v (Tew) = 5 (leg,.pl* + lor,.nl?) D r(w)
j=1 k=1
2 2
[ (Tew) = lor, ollor, ol [ oww), (64)
j=1 k=1

where 7 (w), k = 1,2 are eigenvalues of a Hermitian matrix

(1,1) (1,2)
~ ' (w) ty (w)
T =| & s , 65
() [tg’l)(w) th)(w)] )

and they satisfy S7_, 7 (w) = 2(1 + 2a; cosw) and [[5_, 7 (w) = [(1 + 2a; cosw)? — |p(w)|?], with
p(w) = c1e™™ + e + ¢y + f1e'. Under these relationships and Theorem 6, we obtain (63).
Ol

3.3.3 Positive Definiteness of Matrix Tg(w) and DM-tradeoff of Asynchronous Coded Scheme

In this section, we show under certain conditions the Hermitian matrix ’i‘E(w) defined in (65) is positive
(2)
mi
U (w). As a result, the DM-tradeoff of this 2 x 1 MISO system employing asynchronous space-time codes

definite for all w € [—m, 7| and consequently there exists a positive lower bound A I for eigenvalues

is equal to that of a parallel frequency flat fading channel with two independent users.
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Theorem 7. When a time-limited waveform s(t) = 0,¢t ¢ [0,27%] is chosen such that complex signals
Fi(t,w) = Yp_os(t + kT)e’™ and Fy(t,w) = S 7_, s(t — 7 + kTs)e/™ are linearly independent with
respect to t € [0, T}] for any w € [—m, 7], the matrix Tg(w) is always positive definite for Vw € [—, 7] and
there exists positive numbers )‘g)in >0and 0 < /\%)ax < 10 such that Apjn(w) > )‘g)in and Amax(w) <
)\%gx, where A\pin(w) and Amax(w) are the minimum and maximum eigenvalues of the matrix Tg(w),
respectively.

Proof. See Appendix A.4. As shown in the Appendix A.4, a similar conclusion can be reached when s(t)
spans over an arbitrary number of finite symbol periods, i.e. s(t) = 0,¢ ¢ [0, MTs], M > 1.
O

If s(t) satisfies the condition in Theorem 7, we can upper- and lower-bound the mutual information

I _praca in (63) through bounding eigenvalues g (w), k = 1,2 of ’i‘E(w) The lower bound of Ig_ psgea 18

[ 2 2) \?2
IE-Maca 2 5 B log [1 + po (lor, pI? + [ p[2) Mok + p8lers ol lorms, o (Ain)m) }
2
A
= Y tog [1 4 ol pPAZ ] £ 1 (66)
k=1
Similarly, we can upper bound /g _prqc4 by
2 A W
2

Ip-Maca < ) _log {1 + poler,pPARax | S 15 rraen (67)

k=1

The upper-bound is not surprising since it means the performance of a 2 x 1 MISO system is bounded from
above by that of a MIMO system with two completely separated channels.

The fundamental reason behind the lower bound is because the matrix 'i‘E(w) is positive definite for
arbitrary w € [—m,7|. This enables the channel of large block length as characterized by (44) has mutual
information at least as large as that of a two-user parallel Rayleigh fading channel, which takes a form of
22:1 log (1 + poklar,, DP), where « is a positive constant. Different finite values taken by &, e.g. either
)‘%)ax or )‘irzl)in’ have no effect on the diversity-multiplexing tradeoff function. Therefore, the channel between
two relay nodes and the destination when asynchronous space-time coding is employed is equivalent to a
two-user parallel fading channel in terms of the diversity-multiplexing tradeoff. This result is summarized

by Lemma 5.

Lemma 5. When both relay nodes succeed in decoding the source information and employ asynchronous
space-time codes across them, the outage probability Pr [Iz_ .4 < R, |D(s)| = 2] behaves asymptotically

as
2

Pr{Ip_yaca < R, [D(s)] = 2] ~ Pr |} "log (1+ poklar, nl®) < R|,
k=1

where & is a positive constant.
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Proof. The proof is straightforward using lower bound and upper bound of Ig_p4c4 in (66 ) and (67),

respectively.
O

The overall outage probability counting the direct link between source and its destination, as well as the

relay-destination link when |D(s)| = 2, can also be determined in a similar manner.

Theorem 8. Given asynchronous space-time codes are deployed by relay nodes when |D(s)| = 2, the
conditional outage probability of Pr[/4_s. < R||D(s)| = 2] has an asymptotic equivalence the same as
that of a parallel channel with 3 independent paths, i.e.

— _(3-9r __\2 .
Pr(I4_swe < R|[D(s)| = 2] ~SNR ° 7 .2 (rogSNR)" T] Ao, (68)
k‘E{S,Rl,RQ}

if a time limited waveform s(¢) = 0,¢ ¢ [0, 27| satisfying the condition outlined in Theorem 6 is employed.

Proof. To study the overall DM-tradeoff given |D(s)| = 2, we also need to bound I g_gp in (42). By making

QR,,p = 01in (63), we obtain

™

1
Ig-sp = o log [1 + polas,p|® (1 + 2a;1 cosw)] dw

-7
2p0las,pl?ar
1+ polas,p|?

1 s
log [1 +PO|045,D|2] + %/ log [1 +

cos w] dw
—TT

2polavs, play >2
= log (1+ polaspl?) +log [144/1— (g ) | —1 ©
g (1+ polas,p|?) +log \/ <1+po|045,D|2 )

where the last equality is based on the integral equation (31). Since Zi:l Up(w) =2 (14 2aq cosw) > 0, it

always holds for a to satisfy |a| < 1/2, which justifies the second equation above. Therefore, the bounds of
Ip_gp are

() 4 2y _ 2\ & 1(U)

I op =log (1 + polas,pl®) =1 < Ig—sp <log (14 polas,pl?) = I gp- (70)

Bounds on Ig_jpsqc4 and Ig_gp as shown in (66), (67) and (70), respectively, can thus yield bounds

on the whole link outage probability Pr [% (Ig—sp + Ig—nraca) < 7log SNR] when relays are all in D(s).

Comparing these bounds, we can conclude the lower and upper bounds of the overall outage probability has

the same order of diversity-multiplexing tradeoff as a system with 3 parallel independent Rayleigh fading

channels whose mutual information takes the form of % > j=€c{S,R1,Rz} 108 [1 + poloy, D|2], Hence, when

the decoding set includes both relay nodes, the overall outage probability has the following asymptotic equiv-

alence,
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1
Pr{La—ste < R||D(s)| =2] ~Pr | > log [1+4 polajpl’] < R(SNR)| . (71)
j=€{S,R1,R2}

Following the same approach as in Section 3.1, we obtain

1 — 5. 1-3; p)t 2
Pri > log[t+planl] <R| ~ Pr [SNRZZE{S’RLRQ}( %0l SRR
j=€{S,R1,R2}
—\ 3 — ~
_ / (logsNR)" JT  SNR 7N, p
Br,peA ke{S,R1,Ra}

exp {—S\kgl\ﬁ?_ﬁk’D } dBk,p

__\3 B~
N/ ) (log SNR) H SNR ﬁk’D)\k,D dBk,p
Br,pEA

kE{S,Rl,RQ}
— —(3-2r —\2 ~
~SNR 79 (r log SNR) I o (72)
ke{S,R1,R2}
where
A= Z (1= Brp)" <2r, Bep >0, (73)
kG{S,Rl,RQ}

and the last asymptotic relationship is obtained similarly as (13). Combining (71) and (72) thus completes
the proof of Theorem 8.
O

Therefore, if s(t) lasting for two symbol periods satisfies the condition in Theorem 7, and two relay
nodes both successfully decode the source codewords, the rate of the outage probability approaching zero
as SNR goes to infinity is SNR™3+2" 1 € [0, 1/2] which is better than SNR 34" in Lemma 3. This result
explicitly demonstrates the benefit of employing asynchronous space-time codes under the presence of relay
asynchronism in terms of DM-tradeoff.

Having obtained the asymptotic behavior of outage probability when two relay nodes are both in the
decoding set D(s), we now shift our focus towards the overall DM-tradeoff averaged over all possible out-
comes of D(s). We prove next that the overall DM-tradeoff is d 4_s(r) = 3 — 6r which is equal to that
for both independent coding based distributed delay diversity and synchronous space-time coded cooperative

diversity schemes.

Theorem 9. When the time-limited waveform s(t) = 0,t ¢ [0, 2T] satisfies conditions specified in Theo-
rem 7, the DM-tradeoff of asynchronous space-time-time coded approach is

i welr) = lim  — 28 PrTa—sic < R(SNR))

=3(1 —2r) = dye(r), 0 <7 < 1/2. 74
ol R 3(1 - 2r) = dye(r), 0 < 7 < 1/ (74)
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Proof. When no relay succeeds in decoding or only one of two relay nodes has decoded correctly, the overall
capacity takes the form of either /4_s. = Ip_sp/2 or [a_sic = [IE—sp + Ig—rD] /2, Where Ig_gp was
obtained in (69) and Ir_gp has a similar expression as I p_sp except fading variable as p is substituted by
ag,p in (69).

We can therefore infer based on lower and upper bounds in (70) that the conditional outage probability
Pr(l4 . < 7log SNR, |D(s)| = ;] has the asymptotic term determined by SNR ~(~6") and SNR~G~4") for
7 = 0and j = 1, respectively, which are the same as both synchronous space-time coded and independent
coding based distributed delay diversity schemes.

Meanwhile, the vanishing rate of Pr [I 4. < 7log SNR, |D(s)| = 2] towards zero is subject to SNR ~(3=2"),
as demonstrated by Theorem 8. However, the performance improvements using asynchronous space-time
codes across two relays is not going to be reflected in the overall DM-tradeoff function because the dominant
term among SNR™~6") SNR~(=4") and SNR~G~2") for r € [0,1/2] is SNR™3~6")_ Consequently, we
conclude the overall DM-tradeoff is d 4_st.(r) = 3 — 6r and thus complete the proof of Theorem 9.

O

3.3.4 Comparison with Synchronous Approach Under Arbitrary SNR

In order to further demonstrate the benefits of completely exploiting spatial and temporal degrees of freedom
by using asynchronous space-time codes, we investigate the performance improvements in terms of achiev-
able rate for the channel between two relay nodes and destination under an arbitrary finite SNR. We restrict
our attentions to a particular case when the baseband waveform s(¢) is limited within one symbol period, i.e.
s(t) =0fort ¢ [0, Ts].

Theorem 10. If s(t) is time-limited within one symbol period and selected to make Tg(w) a positive definite
matrix for all w € [—7, 7] in (63), the mutual information rate between two relay nodes and destination is
strictly greater than that with synchronous space-time coded approach for any SNR, i.e.

Ig—Maca > log [1+ po (lagr,,p|* + |lar,,p|*)] = Isrc, (75)

for any SNR.

Proof. Consider the term Zi:l 7 (w) in (63) which is the sum of eigenvalues of the matrix Tg(w) satisfying

22:1 g (w) = Trace (TE(w)> If s(t) is time-limited within one symbol period and selected to make

Tg(w) a positive definite matrix for all w € [—, 7], we have Trace (TE(w)) = 2 and g (w) > 0, as shown

in Appendix A.4. Under these conditions, we obtain

1 T
I _Maca > 7 / log
7r —1Tr

2
£0 ~
1+5 (legy,p|? + |evgy,|?) kz_:lvk(W)]

= log [1+ po (|C“Rl,D|2 + !aRQ,DP)] = Isrc, (76)
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which demonstrates Ir_prqca i strictly larger than the capacity of a 2 x 1 MISO system employing syn-
chronous space-time codes in a frequency flat fading channel, i.e. asynchronous space-time codes increases
the capacity of the MISO system.

O

If s(t) is a truncated squared-root-raise-cosine waveform spanning over M > 1 symbol periods with
M € Z7, it has been shown in Appendix A.4 that if Trace (TE(w)) ~ 2 and 7 (w) > 0 for some M and

s(t), a similar result as (76) can be obtained as well,

1 T
IE—MacA > 2_ / IOg
[

2
1+ % (lory.0I” + |agy,nl?) Zﬁk(w]
i1
~ log [1+ po (lar,pl* +|ar,,pl?)] - 77

Of course, when M increases, the memory length of the equivalent vector ISI channel increases as well,
as shown by Eq. (44), which naturally increases the decoding complexity. This manifests the cost incurred for
having a better diversity-multiplexing tradeoff and higher mutual information than the synchronous space-
time-coded scheme. Therefore, a time-limited root-mean-squared (RMS) waveform lasting for only one

symbol period is preferred under the bandwidth constraint [41].

3.3.5 Extensions to N-Relay Network

Although the channel model we have focused on in this paper concerns only with two relay nodes, the
methodologies and major ideas behind our approaches to attaining DM-tradeoff can be applied to cases of
relay network with NV > 2 relay nodes.

For example, when asynchronous space-time code is employed across N > M > 2 relay nodes, the
mutual information between these M active relay nodes and destination can be obtained using the similar
technique in proving Theorem 6. In addition, similar conditions as in Theorem 7 under which we have strictly
positive definite matrix can be developed as in [43] such that we can also bound the mutual information as
we did in (66) and (67). Consequently, we can foresee the relay-destination link is equivalent to a parallel
channel with M independent links in terms of DM-tradeoff function. As for the overall DM-tradeoff function
after averaging out all possible outcomes of decoding set of relay nodes, we will arrive at the same conclusion

as two-relay network due to the same bottleneck caused by an empty decoding set.

3.4 Bottleneck Alleviation with Mixing Approach

As demonstrated in Section 3.2 and Section 3.3, there exists a bottleneck case dominating the overall DM-
tradeoff function. This is mainly caused by the slowly vanishing rate of the outage probability when no relay

node succeeds in decoding the source packets, and consequently the destination node only has access to the
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packets sent by source directly. For all schemes we have proposed, we assume an orthogonal channel allo-
cation strategy in which source transmits only in the first phase and relays forward packets after they decode
the source messages correctly in the second phase. This orthogonal channel allocation is the fundamental
reason of why the valid range of multiplexing gain r is confined over an interval [0, 1/2].

To address the aforementioned issue of restricted multiplexing gain, Dynamic Decode and Forward
(DDF) and Non-orthogonal Amplify and Forward (NAF) schemes are proposed in [16], through which the
overall DM-tradeoff is improved . Both of these two schemes allow source to continuously transmit during
an entire frame. In the DDF scheme, relays do not forward until they collect sufficient energy to decode the
source signals. In the NAF scheme, relays forward the scaled received source signals in alternative intervals.

The resulting overall DM-tradeoff of these schemes are

dyap(r)=(1—-r)+K(@1-2r)",0<r<1, (78)
and
(K+1)(1-7) 0<r< &5
dppp(r) = 14 X120 A <r<i, (79)
e 3<r<l

where K is the number of relay nodes in the system and 1 = max(z, 0).

In this section, without requiring to lengthen the transmission time of source node as [16] puts forward,
we propose a mixing strategy which outperforms both DDF and NAF schemes for some multiplexing gain
r € [0,1/2] by exploiting the superior DM-tradeoff of the asynchronous space-time coded approach as

demonstrated in Section 3.3.

3.4.1 One-Relay Case

First suppose there is only one relay node between Ng and Np and there are two phases in transmission as
assumed in Section 2. The proposed mixing strategy works as follows. Assume the channel fading parameter
as g can be measured perfectly at a relay node such that it can determine whether there will be an outage
given current channel realizations. If there is no outage, the relay node works similarly as described in previ-
ous sections by performing decode-and-forward; otherwise, instead of dropping the received source packets,
relay amplify-and-forwards the incoming source signals with an amplifying coefficient § = , /m
to maintain its constant transmission power. It turned out the overall diversity-multiplexing tradeoff can be
improved by this mixing scheme as shown next.

It has been proved in [8] that the AF and selection decode-and-forward schemes for a single relay network
have the same DM-tradeoff function: dap(r) = dpr = 2(1 — 2r), for r € [0,1/2]. Applying the similar

analytical approach as in Section 3.1, the outage probability for a relay channel with only one relay node
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performing the decode-and-forward has an asymptotic equivalence consisting of two terms:
Py~ A-SNR™?727) L B. SNR—2(1727) (80)

where the first term is contributed by relay’s successful decoding and then independent encoding over suc-
cessive two phases, the second term is due to relay’s dropping of the received signals because of its failure in
decoding phase, A and B are some finite constants. Therefore, the overall DM-tradeoff is d pp(r) = 2 — 4r
due to the dominance of the slope 2 — 4r for r € [0,1/2].

Under the proposed mixing strategy, the slope in the first term of (80) is not affected when relay succeeds

in decoding. The second term is, however, changed to SNR~(1=2r)—(2=41)

where (1 — 2r) is the slope
characterizing the vanishing rate of the probability of |D(s)| = 1 as derived in (11) in Section 3.1, and

(2 — 4r) is the slope for the AF scheme. Therefore, the mixing scheme has an overall DM-tradeoff

{ 2-2r, 0<r<1/4

dyv—ark=1(r) = (81)
3—6r, 1/4<r<1/2

which is strictly greater than dpp(r) = 2 — 4r for any r € (0,1/2), and thus shows the advantage of mixing
the amplify-and-forward scheme with the decode-and-forward scheme.

When K = 1, the DM-tradeoff of NAF is dyar(r) = 2 —3r,0 < r < 1/2 from (78). It shows
NAF is dominated by M-AF for 0 < r < 1/3. As for the DDF scheme, the diversity gain is dppp(r) =
2(1 —r) > dpr—ar(r). The preceding comparison is illustrated by Figure 2, which further features the
benefits of applying the proposed mixing strategy.

3.4.2 Two-Relay Case

In this section, we generalize the idea of mixing strategy to a two-relay case, where we show mixing approach
can even outperforms the DDF scheme for some subset of multiplexing gain r. The result is stated in the

following Theorem:

Theorem 11. The overall DM-tradeoff dj;—4r x—2(r) of a two-relay channel under our proposed mixing
strategy is

3 — 2r,

0<
- (82)
4 — 8r, %Sr

dv—ArKk=2(r) = {

IN A
= Ol

Proof. The proof relies on the mixing protocol which exploits the DM-tradeoff for asynchronous cooperative
diversity schemes studied in Section 3.2 and Section 3.3. The mechanism of the proposed protocol for this
2-relay node M-AF scheme is subject to the outcome of decoding at two relay nodes.

When both relay nodes fail in decoding i.e. |D(s)| = 0, only one of them employs AF and an-

other one drops the received signals. In this case, the conditional outage probability has P,,p(s)j=0 ~
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SNR~2(1=2r)=(2=47) ‘\yhere 2(1 — 2r) is the absolute slope of the probability of {|D(s)| = 0} and (2 — 47)
is the slope of the outage probability under AF.

If |D(s)] = 1, WLOG, suppose Np, fails and Np, succeeds in decoding. Thereafter, Ng, performs
decode-and-forward employing a complex Gaussian codebook independent of the source codebook, while
node 2 applies AF forwarding a scaled copy of the received signal. The outage probability given one node
is in the decoding set has an asymptotic equivalence Py |p(s)=1(M — AF, K = 2) ~ SNR~(1=27)=lo(r)
where (1 — 2r) is the slope for the probability of {|D(s)| = 1} and ly(r) represents the vanishing rate of the
outage probability in an equivalent channel between Ng and Np across two relay nodes. Next, we look into
the bounds on /() under different assumptions on the relative delay 7 and show 3 — 6r < ly(r) < 3 —4r.

If the relative delay 7 between two relays is in the order of an integer number of symbol periods, since
Ng, employs the same codewords as the source which is independent of what N g, transmits, the slope [ ()
is expected to lie between that of the repetition coding based distributed delay diversity and independent
coding based delay diversity schemes, which are 3 — 67 and 3 — 4r, respectively, as derived in Section 3.2.
Therefore,we have 3 — 6r < [y(r) < 3 — 4r in this case.

If |7| /T is a non-integer and s(¢) satisfies the condition specified in Theorem 7, the relay-destination link
is equivalent to a two-user parallel flat fading channel in terms of DM-tradeoff. Consequently, the mutual in-
formation of the entire link in this case has an asymptotic equivalence the same as % [I Ar + log (1 + polar,,p |2)] ,
where I4p is the mutual information for an AF scheme taking the form of log [1 + po(|a1|? + |a2|?)] as
shown in [8], where a1 and ap are independent complex Gaussian random variables. Therefore, we obtain
lo(r) = 3 — 4r, the asymptotic term characterizing the vanishing rate of the synchronous space-time-coded
diversity scheme when two relay nodes are both in the decoding set, as determined by Lemma 3.

The preceding analysis thus yields 3 — 6r < [o(r) < 3 — 4r and leads us to
SNR™U=8) S Py =1 (M — AF, N = 3) & SNR™U-07) - e [0,1/2]. (83)

If two relay nodes both succeed in decoding i.e. |D(s)| = 2, the overall DM-tradeoff is equal to the

3=27) ynder

asynchronous space-time-coded cooperative diversity approach yielding P p(s)j=2 ~ SNR(
7 € (0,Ty) and s(t) satisfying the condition in Theorem 7.

Putting all cases together, we can determine the overall DM-tradeoff averaged over all possible out-
comes of the decoding set D(s), which is subject to the dominant term among {SNR_(4_8T), SNR (467
SNR_(3_2”)} subject to r. Forr € [0, 1/6], SNR~(3=27) ig the slowest one, hence, dyv—arN=3(r) = 3—2r;
for r € (1/6,1/2], SNR™4~8) is the dominant one, we have dp;_ar N=3(r) = 4 — 8r. We thus complete
the proof of Theorem 11.

O

From this case study, we can conclude the mixing strategy does improve the DM-tradeoff over the pure
decode-and-forward approach having d4_¢. = 3 — 6r. Moreover, comparing (82) with (79) and (78) for
K = 2, we find the proposed mixing strategy outperforms DDF and NAF for r € [0,1/5], and r € [0,1/3],
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respectively, as shown in Figure 3. This observation demonstrates in order to improve the overall DM-
tradeoff for cooperative diversity schemes in relay channels, we need to consider approaches which not only
relax the restriction on the source to transmit only half of the total degrees of freedom as DDF and NAF in
[16], but also exploit advantages of employing asynchronous coded schemes as demonstrated above using

the proposed mixing strategy.

4 Conclusions

In this paper, we first show the lower-bound of the diversity-multiplexing tradeoff developed by [9] is actually
the exact value for a synchronous space-time coded cooperative diversity scheme. We then propose two asyn-
chronous cooperative diversity schemes, namely, independent coding based distributed delay diversity and
asynchronous space-time coded relaying schemes. In terms of the overall DM-tradeoff, both of them achieve
the same performance as the synchronous one, which demonstrates even at the presence of unavoidable asyn-
chronism between relay nodes, we don’t loose diversity. Moreover, when all relay nodes succeed in decoding
the source information, the asynchronous space-time coded approach achieves better DM-tradeoff than the
synchronous scheme does and performs equivalently to transmitting information through a parallel fading
channel as far as the diversity order is concerned. Table 1 summarizes the results regarding the slope of con-
ditional outage probability with respect to high SNR given 0 < |D(s)| < 2 number of relay nodes available to
forward. The acronyms are defined as: S-STC, Synchronous Space-Time Coded scheme (Section 3.1); ICB-
DD, Independent Coding Based Distributed Delay diversity (Section 3.2.1); RCB-DD, Repetition Coding
Based Distributed Delay diversity (Section 3.2.2); ICB-DD-L, Independent Coding Based Distributed De-
lay diversity with Linearly modulated waveforms(Section 3.2.3); A-STC, Asynchronous Space-Time Coded
scheme (Section 3.3). Figure 4 provides a comparison of slope functions listed in Table 1.

In analyzing the asymptotic performance of various approaches, a bottleneck on the overall DM-tradeoff
in relay channels is identified. It is caused by restricting source to transmitting only in the first phase and
relay nodes to employing decode-and-forward strategy. A simple mixing strategy is proposed to address this
issue. By comparing it with the NAF and DDF proposed by [16], we show the mixing strategy achieves
higher diversity gain than both DDF and NAF over certain range of the multiplexing gain r even though we
still let source transmit only half of an entire frame.

As observed in Section 3.3, employing properly designed s(t) of a finite duration 7’5 can even lead to
higher mutual information than synchronous space-time codes for any SNR. This reveals the advantage of
fully exploiting both spatial and temporal degrees of freedom in MIMO systems by employing asynchronous
space-time codes even in a frequency non-selective fading channel. The design of s(¢) and asynchronous
space-time codes, as well as the corresponding performance analysis is beyond the scope of this paper and

will be addressed in our future work.

33



A Appendix

A.1 Proof of Lemma 1l

Proof. For each subset A; of A = Ule A; as defined in Section 3.1, we calculate the corresponding integrals
in (14) individually.
Over A; = {Bs.p > 1,0r,,p0 > 1}, we have

o \2 B - o __ _, __ 2
/ (logsNR)" ] SNRApdsin =[] Mo [ / SNR " (log SNR) da}
Bi,p€AL ke{S,R1} ke{S,R1} 1
-1
= JI Mp—s (84)

ke{S,R1} SNR

Over Ay = {Bsp>1, 1 =2r < pr,p<1} or As = {1-2r < psp <1,Br, p > 1} the integral is

——\ 2 — = ~ ~ o0 1 — — (14«
/ (logSNR)" ] sNR P epdBen = ] )\M)/ / SNR e
Pi.pEA ke{S,R1} ke{S,R1} L Ji=2r
——\2
. <log SNR) dag dagy
——\ 2r
) (SNR) 1
= ] Mpo—Ls— i=23 (89
ke{S,R1} SNR
Over A, = {0 < Br.p <1, Zke{&Rl} Br > 2 — 2r}, we obtain
——\2 N_IBk’D., ~ 1 1 /—v—(al—i-ag)
(1og SNR) 1 sS\R ™"Npdsen = [ Mo SNR
51‘,D€A4 1-2r J2—2r—oan

ke{S,R1} ke{S,R1}

. (log S/I\HQ) ? dag dog

= H S\hp[(%logsfl\ﬁi—l)-

kE{S,Rl}
——\ —(2—2r) — 2
(SNR) _SNR |, (86)
Combining (84)-(86), we obtain the RHS of (16)
N2 — Bip~ - N N —(2—20)
/ (1ogSNR)" T SNR"Apdden = [ A (1+2rlogSNR) (SNR)
Bi,peA ke{S,R1} ke{S,R1}
— —\ —(2—2r) ~
~ (2r log SNR) (SNR) I Mo @&

k’E{S7R1}

which completes the proof of Lemma 1.
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A.2 Proof of Lemma 3

Proof. To derive the asymptotic equivalence of Pr Iy, < R, |D(s)| = 2], WLOG, assume Ag, p > AR,.p
and denote y = 3y -p(,) |Gk, p|%. The probability density function (pdf) of y is

p(y) _ ~)\R17D)\]?27D (e_S‘RQTDy _ e_S\erDy) , y Z O
AR1,D = ARy,D
Define a normalized random variable Sr p = — o8y \whose pdfis
’ logSNR
ARy DA ——
p(ﬁR,D) - 2R, DARY,D exp {—)\RQ7DSNR ﬁR’D} .
ARy,D = ARy,D

[1 — exp {— (5\31,[) — 5‘R2,D) ST\If{_ﬁR’D }] . <1og S/I\ﬁl) S/I\Vf{_ﬁR’D

BR,D

~ S\Rl,DS\Rg,D (logﬁ{) S/Nl/{_z o (88)

for large SNR and Br,p = 0. The conditional outage probability given two relay nodes are both in the
decoding set D(s) is

—\N2 — _ — N
Pr[lye < R|[D(s)| = 2] ~ / (logSKR) " SNR form2re T AupdfBspdBrp,  (89)
Bi,pEA ke{S,R1,R2}

where
A= B: Z (1—Bip)T <2r,Bip >0
1e{S,R}

By employing the same method as the one through which (16) is obtained, it can be shown that

Pl < RID(s) =2 ~ 2 [ Jup(SNR) {1—%(&@)_%]
ke{S,R1,R2}
~ 9 H th <S/N]/{)_3+4r
ke{S,R1,R2}

(90)

As for the probability of |D(s)| = 2, we have Pr[|D(s)| = 2] ~ 1 resulting from (11). Thus, the overall

conditional outage probability is

)

Prilyc <R, [D(s) =2 ~2 [[ b (s’lxﬁz
kG{S,Rl,RQ}

) —3+4r

which completes the proof of Lemma 3.
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A.3 Proof of Theorem 5

Proof. Given |D(s)| = 2, the canonical receiver for the resulting equivalent 2-path fading channel consists
of a whitened matched filter (WMF) and a symbol rate sampler [46]. The Fourier transform of the impulse
response of this equivalent channel is F(f) = H(f)S(f), where H(f) = Y., ar, pe #2™/™ and S(f) is
the Fourier transform of s(¢). The mutual information of this 2-path fading channel given {a g, p = 7€’ Ok1

is [46, pp. 2597]

s

1
Lerpa=5- [ log (14 polShn(w)[?] dw, 91)

—T

where |Spp(w)|? = 3, h(k)e?* is the discrete Fourier transform of h(k), which is the sampling output of
the matched filter for F'(t) = s(t)ar, . p + s(t — T)ar,,p, i.e.

h(k) = / T ROt — KT dt,

—0o0

with 7 = 79 — 71 denoted as the relative delay. WLOG, we assume 7 € (0, Ts] [41]. Due to the time-limited

constraint on s(t), we obtain hj, = 0 for |k| > 2, and

h0) = |ag, p|* + |ar,,pl* + p12 (4R, DRy p + Ry DR, D) (92)

and

h(1) = ag, paR, ppa1, h(=1) = ar, pag, ppa, (93)

where p12 and po; are correlation coefficients of s(¢) determined by p1o = f0T5 s(t)s(t — 7)dt and py; =
fOTS s(t)s(t + Ts — 1) dt. From Cauchy Schwartz inequality and fOTS |s(t)|? dt = 1, we have |p12| < 1 and
|p21] < 1forT € (0,75s], and

12l + [p2n| =

/OTS s(t)s(t — 7) dt‘ + /OTS s(t)s(t + Ty —7) dt‘

Ts
< /0 Is@)] (Is(t = 7)| + [s(t +Ts — 7)|) dt
Ts 1/2 Ts 1/2
< [/0 \s(t)det} UO (|s(t—7)\+\s(t+T3—T)y)2dt}
= 1. (94)
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Substituting h(k) into |Syp(w)|? yields

fron = % /—7; fo [1 T po (‘QRLDP T ’aRz,DP + R, DR, p(p12 + pa1e’)
+ R, PRy, (P12 +p216—jw))] dw
- % /_: log [1 + po (!aRl,D + gy p(pra + pue=)|”
+lar, pl” (1 — |12 +p2le—jw|2)>:| "

™

1
= 5 log [1 4+ a + bcos(fy — 02 +w)] dw
u —Tr

~ log [1~I—a+\/(1—|—a)2—b2] 1 95)
where the last equality is from Eq. (31) with a and b defined as:

a = po(|ri]* + |r2|® + 2p12r172 cos(61 — 62))
= oo (lar,p + arsnpra + lan, o1 = |pr2l))
b = 2parim2po- (96)

Given |p12| + |p21| < 1, it can be shown a > b and a > 0 which enables us to bound I5_7p 4 in (95) by
A A
M Blogl+a]—1< T rpa< 1), Slog[l+a]. 97)

Define random variables X; = apr, p + ar, ppi2 and Xo = agr, p\/1 — |p12|2. We can then rewrite
U L
1Y) 04 = log [1+ po(| X1 2 + | Xaf?)] and I, = log [1+ po(|X1[2 + | Xaf?)] — 1. Clearly, the

vector [ X1, Xo|’ is a linear transformation of the random vector [« g, p, @R, D], i.e.

X1 | |1 pi2 QR,,D
X 1 —|p12]? QR,,D

where
1
B— P12 7
0 /1—|p12/?

/
and the entries of &g, p,&R, p| are i.i.d. complex Gaussian random variables with zero mean and unit

QRy.D

- B - B

or,,p 0 QR,,D
0 ORy.D

] , (98)

QR,.D ARy D

variance. Define a upper-triangle matrix

A=B

or,,p 0 ]

0 ORy.D

The matrix A can therefore be decomposed as A = UD 5 UT using singular value decomposition, where
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U is a unitary matrix and D = diag [031, D3sORy,D * \/W] is a diagonal matrix whose diagonal
entries are the eigenvalues of the upper-triangular matrix A. Decomposing A as such, we obtain | X 1|? +
|X2|2 = |ar,|? + @Ry |%\/1 — |p12|%, where [aR,,dR,] is a vector having the same joint distribution as
[@R, D, R, p]. Given the bounds on I5_7pa, the overall mutual information I;,_7pa can be bounded

accordingly as I'1_7pa € [IéL_)TDA, I]gU_)TDA], where IE,L;)TDA and Igi)TDA are

L 1 _ .
I = log (1+ poles,p|?) + 5 log [1 + polar, |* + poldr, *V/1 — |P12|2] -1 (99)

and
U 1 1 - -
I rpa= 5 log (1+ polas,pl?) + 5108 [1 + polar, [ + poldr, *v/1 - |Pl2|2} : (100)
As shown previously, given fo s(t)|?dt = 1, for any 7 € (0,7}], we have |p12| < 1 and thus 1 —

|p12|? > 0 which implies the asymptotic behavior of outage probabilities Pr [Igi)T pa < R,|D(s)| = 2] and

Pr [I éL_)T pa < R,|D(s)| = 2} is similar as the one characterized by Lemma 3 for synchronous space-time
coded cooperative diversity scheme. Therefore, applying the same techniques in proving Lemma 3 yields
(40) and thus Theorem 5 is proved.

O

A.4 Proof of Theorem 7

Proof. Denote S(t) = [s(t),s(t — 7)]T and S, (t) = Sa__, S(t — kTs)e? ™, where s(t) = 0,1 ¢ [0, 2T%].
The matrix Tg(w) defined in (65) is :

2 o0
Tol) = 3 Hewe ™= [ swsiod
k=—2 o
3T
_ S8 (@) dt + e ﬂw/ S(0)ST(¢ + 2T dt

3T
+e?2°’/ (t)ST( t—2T)dt+eJ“’/ St)ST(t —Ty) dt
fe v / (t)ST(t + Ts) dt
2 f
= / [Z (t+ET)e™ | |> 7 S(t + kTy) ejk“’] dt, (101)
k=0

where the above equations are derived by exploiting the finite duration of s(t), as well as the definition of
parameters in (45)-(47). As implied by the last equation in (101), TE(w) is a non-negative definite matrix.
This result can be extended in a similar manner to the case when s(t) spans over any arbitrary finite M7
periods where M > 1 is an integer, i.e. s(t) = 0,¢ ¢ [0, M T5]. Define Q(M (t) = Zk__ S(t — kTy)elk.
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We obtain

W0 = [ s (sp0w) @

M M f
— / [Z (t + kT,)el™ [Z (t + kT,)e?™ | dt, (102)
k= k=

which is a non-negative definite matrix for M > 1. Define F(t,w) = Z,]fwzo s(t+ kT,)e?* and Fy(t,w) =
Z,ﬁio s(t—7+kT,)e’* forall t € [0,T,] and w € [—, 7]. Fora given t, Fi (t,w) and Fy(t,w) are the dis-

crete time Fourier transforms of sampled signals of s(t) and s(t—7) at time instants {¢t + kTs,k = 0,1,--- , M},

respectively. If there exists a non-zero complex vector b = [bg, b1] such that QT;EM) (w)b! = 0 for some w,
it indicates T%M)(w) has a zero eigenvalue for the specified w, and thus we must have the following linear
relationship associated with F};(t,w): boFi(t,w) + b1 F(t,w) = 0 for any ¢ € [0,Ts]. Therefore, if s(¢)
is chosen to make F7(t,w) and F5(¢,w) linearly independent with respect to ¢ for any given w, T%M) (w) is

always positive definite satisfying QT;EM) (w)b > 0 for any non-zero b and Vw € [—, 7). Let

Glw) = bTE" (W

Ts
= / b FL(t,w) + b1 Fa(t,w)|? dt, ||b]] = 1, (103)
0

denote a continuous function of b and w defined over a closed and bounded region, where ||b|| is the Euclidean

norm of b. Define

AM i Ghw), MM = sup Gbw)

w
M- wefo,2q],||b]|=1 w€(0,27],[]b]|=1

M)

By Weierstrass’ Theorem [47, pp. 654], the greatest lower bound /\inin and least upper bound /\%)x of

G(b,w) is attainable. Therefore, if s(¢) is properly selected as specified above which results in positive
(M)

definite matrices T;JM) (w), )\%21 and )\%)X are achievable and both of them are positive. In addition, Ay ax

can be further upper-bounded by some finite constant as shown below:

Mnax (@) = sup, bT" ()bt
M [o¢]
< Tr(TSEM)(w))zz 3 / s()s(t — kTy)e ™% gy
=—M"7 ™
M [o¢]
< 2> ‘/ s(t)s(t—kTS)dt‘
k=—M 'Y ">
M 00 1/2 1 oo 1/2
<2y} [/ |s(t)|2dt] U Is(t — KT dt
k:—M —0o0 —00
= 2(2M + 1), w € [0,2q], (104)
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where the first and second inequalities are due to the positive definiteness of T;EM) (w), and Cauchy-Schwartz
inequality yields the third inequality. The last equality is because s(t) has unit energy.

When M = 2, this proves Theorem 7. When M = 1, i.e. the waveform s(¢) is confined within
one symbol interval, the condition stated in [43, pp. 4] is a special case of our result which reduces to
the following condition for M = 1: s(t) and s(t — 7) + s(t — 7 + Ts)e’* are linearly independent with
respect to ¢ € [0, Ts] which is equivalent to s(t) and s(t + Ts — 7)e’, as well as s(t) and s(t — 7) are
linearly independent over ¢ € [0,7] and ¢ € (7,T], respectively. Also, we can observe from the second
equality in (104) that Tr (TEM) (w)) =2 [, |s(t)]*dt = 2 in this case. This fact will be exploited when
we compare the mutual information of a MISO channel using asynchronous space-time codes with that
employing synchronous space-time codes.

Actually, the condition under which 'i‘g ) (w) is positive definite can be further exposed by looking more
closely at the parameters defined in (45)-(47) for s(t) = 0, t ¢ [0,7]. In this case, it is straightforward to
show that a1 = di = ¢ = fi = 0 for 7o > 7. Therefore, the product of eigenvalues of the Hermitian

matrix Tg) (w)is

(14 2a; cosw)? — ‘cle_j‘“ + e g + flejw‘2 =1- ‘Co + Cle_jw|2 >0

where the inequality can be shown as follows. As defined in (45)-(47), cg and c¢; are correlation coefficients
of s(t) determined by ¢y = fOTS s(t)s(t — ) dt and ¢; = fOTS s(t)s(t + Ts — 7) dt. From Cauchy Schwartz
inequality and f0T5 |s(t)]? dt = 1,

T, '
o + crei®| = |co—|—clej“’|:/ s(t) [s(t — ) + s(t + T — 1)e™] dt
0

< " |s(t)|? dt S |s(t —7) + s(t + T, —r)ej“’\2
0 0
- (105)

1/2

where the last equality is because s(¢ — 7) and s(t + Ts — 7) have no overlap over ¢t € [0,75], and the
inequality becomes equality when s(t) = C [s(t — 7) + s(t + T — 7)e’*] where |C| = 1 is a constant.
This demonstrates only when s(t) and s(t — 7) + s(t — 7 + T)e’™ are linearly independent with respect to
t € [0,T] for any w € [—, 7], can we have a strict inequality in (105) which agrees with the condition on
s(t) in Theorem 7 and thus verifies it from another perspective for M = 1.

Note when the waveform s(t) is a truncated version of a squared-root-raised-cosine waveform [48] span-
ning over M symbol intervals such that fO(MHkDTS s(t)s(t — kT) dt =~ &, where 69 = 1 and 0 = 0 for
k # 0, the sum of eigenvalues of the matrix can be approximated as Tr (TEM) (w)) ~ 2. Again, this property
will be exploited when we compare the mutual information of two MIMO systems employing synchronous
and asynchronous space-time codes, respectively.

O
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Multiplexing gain: r, number of relay nodes =1
Figure 2: Diversity-multiplexing tradeoff of cooperative diversity schemes. There is one relay node between

the source and its destination. Diversity gains dy;—ap n=2(7), dppr(r) and d ap(r) are obtained based on
(81), (79) and (78) for N = 2, respectively, and d 4_gc(r) = 2 — 4r.
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Multiplexing gain: r, number of relay nodes = 2
Figure 3: Diversity-multiplexing tradeoff of cooperative diversity schemes. There are two relay nodes be-

tween the source and its destination. Diversity gains dy;—ap n=3(r), dppr(r) and dy 4 (r) are obtained
based on (82), (79) and (78) for N = 3, respectively, and d 4 _s.(r) = 3 — 6r is obtained in Section 3.3.
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|D(s)] S-STC | ICB-DD RCB-DD ICB-DD-L | A-STC
0,0<r<1/2 3—6r | 3—06r 3 —6r 3 —6r 3—6r
1 3—4r | 3—4r 3 —4r 3—4r 3—4r
2 3—4r | e3—-6r,3—4r] | €[3—6r/A1,3—6r] | 3—4r 3—2r
| Overall DM-tradeoff | 3 —6r | 3 —6r |e3—6r/A;,3—6r] [3—6r [3—06r |

Table 1: Table of absolute values of the slope of conditional outage probability with respect to high SNR
under a given number of relay nodes available to forward, denoted by |D(s)|, where multiplexing gain is de-
noted by 0 < r < 1/2. The acronyms are defined as: S-STC, Synchronous Space-Time Coded scheme (Sec-
tion 3.1); ICB-DD, Independent Coding Based Distributed Delay diversity (Section 3.2.1); RCB-DD, Repe-
tition Coding Based Distributed Delay diversity (Section 3.2.2); ICB-DD-L, Independent Coding Based Dis-
tributed Delay diversity with Linearly modulated waveforms(Section 3.2.3); A-STC, Asynchronous Space-
Time Coded scheme (Section 3.3).

Diversity-multiplexing tradeoff Comparison
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Figure 4: Numerical Comparison of DM-tradeoff functions listed in Table 1 for 0 < r < 1/2 and A; = 3/4.
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