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ABSTRACT
It is well known that a multiple-input-multiple-output
(MIMO) system can provide spatial diversity gain as
well as spatial multiplexing capability. The MIMO concept has been extended to cooperative wireless networks
to form distributed MIMO systems using virtual antennas located at cooperating terminals. The primary
interest of cooperative MIMO networks, however, has
been focused on the cooperative diversity (C-DIV) approaches to achieve spatial diversity gain. Recent work
proposed cooperative spatial multiplexing (C-SM) to simplify the transmit and receive processing requirement on
the relay nodes while providing significant energy savings. So far C-SM has been only considered for singlehop relaying. In this paper, we propose the use of multihop relaying C-SM systems for transmit energy reduction and performance improvement.
1. INTRODUCTION
The multiple-input-multiple-output (MIMO) systems
can provide spatial diversity gain as well as spatial
multiplexing capabilities. The MIMO approaches have
been extended to a cooperative wireless network, where
antennas over diﬀerent terminals (nodes) cooperative
with each other to form a virtual (or distributed) array. In a wireless network, transmission of information
through relaying can be energy eﬃcient. The use of
multiple relaying nodes allows high diversity gain and
leads to improved robustness against channel impairments [1].
So far, the primary interest of cooperative network
has been focused on the cooperative diversity (C-DIV)
approach, which, as the name implies, is intended to
achieve spatial diversity gain to combat multipath fading in wireless communication environments [2]–[5].
A diﬀerent and more recent approach is cooperative
spatial multiplexing (C-SM). In a C-SM system, the
This work is supported in part by the NSWCCD/ONR under
contract No. N65540-05-C-0028 and NSF under grant No. EEC0203459.

source uses high constellation modulations, and each
relay node in the ﬁrst hop (referred to as multiplexing relay node hereafter) only transmits a sub-stream
of the source information. In this way, the transmit
and receive processing requirements on the relay nodes
are simpliﬁed [6, 7]. In addition, compared to C-DIV,
the C-SM approaches provide signiﬁcant savings in the
transmit and receive energy. It is most eﬀective in the
high signal-to-noise ratio (SNR) regime when no channel coding is performed, while the eﬃciency in the low
SNR regime can be improved with appropriate channel
coding schemes. C-SM is particularly useful in sending
high-rate data when each relay node can handle only
low-rates due to highly limited resources in terms of
energy, bandwidth, computation power, memory, and
space [6].
In this paper, we extend C-SM to multi-hop wireless networks. It is shown that, by using multiple sets
of relay nodes, employing the amplify-and-forward algorithm, the C-SM approach works well even without
exploiting any channel coding. The use of the proposed
multi-hop C-SM schemes reduces the total transmit energy, particularly when assume a high path loss exponent.
Unlike C-DIV signals which provide suﬃcient information to allow single node to decode, the data transmitted from the C-SM multiplexing nodes usually cannot be decoded at a single node in the following hops.
Similar to the BLAST schemes in a co-located MIMO
system, it requires an array of more co-located sensors
than the number of multiplexing factor (i.e., the number of multiplexing nodes). Therefore, in a multi-hop
relaying scheme adopting C-SM, it is appropriate for
the relay nodes to exploit the amplifying-and-forward
algorithm, rendering the processing at the relay nodes
very simple. This is because the amplify-and-forward
algorithm does not involve complicated processing, and
the computationally extensive demultiplexing operations are performed at the destination receiver, which
is often resource-abundant.
To simplify the problem statement and provide a
clear presentation of the proposed approach, we assume

that the channels experience ﬂat fading and the relay
nodes are perfectly synchronized. The extension of the
proposed method to imperfectly synchronized wireless
network can be realized by incorporating the methods
developed in [8, 9].
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relay Ri , and ni is additive complex Gaussian noise
with mean zero and variance N0 /2 per real dimension.
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We assume that hi,S is a complex Gaussian distributed random variable with mean zero and variance
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E[|hi,S |2 ] = d−ν
i,S , where di,S is the distance between
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the source S and the relay Ri , and ν is the path loss
exponent, typically 2 ≤ ν ≤ 5.
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2. SYSTEM MODEL
A block diagram of a multi-hop distributed MIMO system adopting the C-SM scheme is depicted in Fig. 1.
The primary focus of this paper is the introduction
of multiple hops in the C-SM relay process. Similar
to [6], we make the following assumptions. (1) The
source and relay nodes are each equipped with a single
antenna due to constraints on the size of the terminals;
(2) The destination receiver is not constrained in size
and can host multiple antennas; (3) Practical considerations prevent the relay nodes from transmitting and
receiving concurrently at the same physical channel.
To clearly present the multi-hop C-SM concept in the
limited space available, no channel coding is considered
in this paper.
The spatial multiplexing procedure at the multiplexing nodes is similar to that introduced in [6]. The
source broadcasts a 2αN -ary symbol x̄ representing αN
bits of information. The symbol energy is Es , i.e.,
E[|x̄|2 ] = Es , at a rate of 1/T symbols per second. The
(1)
(1)
(1)
multiplexing nodes R1 , R2 , · · · , RN spatially map
α
this information into 2 -ary symbols {x1 , x2 , · · · , xN },
where the superscript (i) denotes the ith relay hop.
(1)
Then, the multiplexing relay node Ri detects only xi
and forwards its estimate x̂i to the relays in the follow(1)
ing hop with a symbol energy E[|x̂i |2 ] = Er , at a rate
of 1/T symbols per second. At this step, all multiplexing relay nodes forward their estimates simultaneously
to other relay nodes over the same physical channel.
(1)
The received signal yi at the multiplexing relay
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node Ri is given by
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of node Ri . The received signal yk at the relay node
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Rk of the next relay hop is given by
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where hk,i is the channel gain between the ith node
in the ﬁrst hop and the kth node in the second hop,
(2)
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and nk is deﬁned similar to nk . (N ∗ )(i) denotes the
number of nodes in the ith relay hop, and we may ab(2)
breviate it as N ∗ where there is no confusion. hk,i
are assumed to be mutually uncorrelated and complex Gaussian distributed with mean zero and variance
(2)
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E[|hk,i |2 ] = [dk,i ]−ν , where dk,i is the distance between
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nodes Ri and Rk .
In matrix form, equation (3) can be expressed as
y(2) = H(2) G(1) x̂ + n(2) ,
(i)

(4)
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where x̂ = [x̂1 , · · · , x̂N ]T , y(i) = [y1 , · · · , yN ∗ ]T , n(i) =
(i)
(i)
(2)
(2)
(i)
[n1 , · · · , nN ∗ ]T , [H]k,i = hk,i , and G(i) = diag[g1 ,
(i)

· · · , gN ∗ ]. We use superscript
vector transpose.

T
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3. DISTRIBUTED MULTI-HOP RELAYING
3.1. Relay Procedures
The signal transmitted from the N multiplexing relay
nodes is similar to that in a co-located V-BLAST system. Therefore, without redundancy introduced in the
source signal by channel coding, a single relay node
in the relay hops (other than the multiplexing relay
hop) generally cannot decode the information it receives, making the use of decode-and-forward type of
algorithms diﬃcult to apply. As we show below, however, it is possible to perform multi-hop relays using
the amplify-and-forward algorithm in the following relay stages. In this case, it is desirable that the number
of relay nodes (more precisely, the rank of distributed
MIMO relay channels) in each relay hop is equal to or
larger than N .
(2)
The transmit signal from relay node Rk is expressed as
(2)
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where gi is the transmit power at the node, and g̃i =
(2)
(2)
gi /|yi | is the ampliﬁcation gain. Because this relay

Figure 1: Multi-hop relaying system under consideration.
stage uses the amplify-and-forward algorithm, part of
the transmit energy will be used to send receiver noise.
As the result, the transmit energy used to deliver useful
information is aﬀected by the receive SNR at the relay
nodes.
The received signal vector at the following relay hop
or at the destination antenna array is expressed as
y(3)

= H(3) x(2) + n(3)
= H(3) G̃(2) y(2) + n(3)
= H(3) G̃(2) H(2) G(1) x̂
+[H(3) G̃(2) n(2) + n(3) ].

(6)

Therefore, H(3) G̃(2) H(2) G(1) acts as the combined chan(1)
nels between the multiplexing relay nodes Ri and re(3)
lay hops Ri , whereas the noise over diﬀerent relay
hops are accumulated as H(3) G̃(2) n(2) + n(3) . This
discussion can be obviously extended to higher relay
orders.
3.2. Destination Processing
After m hops of relays, the information is delivered at
the destination, which consists of M co-located array
sensors. It is assumed that M ≥ N . The received
signal vector at the destination array is expressed as
y(m+1) =

m


H(l+1) G̃(l) y(1) + ñ(m+1) ,

(7)

l=1

where H(m+1) is the channel matrix between the nodes
at the last relay hop and the destination array antennas, and ñ(m+1) = H(m+1) G̃(m) ñ(m) + n(m+1) is the
equivalent noise vector accumulated over all the relay
stages. We used G̃(1) = G(1) for convenience. Note
that the noise vector n(m+1) at destination receiver
usually has variances diﬀerent from those of the relay
nodes.
The detection is similar to those methods developed
for V-BLAST [10, 6]. Such a receiver typically involves
signal ordering, nulling, and feedback decision.

3.3. Remarks
From the above discussion, the equivalent channel
ma
(l+1)
H
trix over the all m hops of relay is H̃ = m
l=1
·G(l) . Therefore, the rank of H̃ is determined by the
minimum rank of H(l) and G(l) . Practically, G(l) are
full rank (i.e., rank[G(l) ] = (N ∗ )(l) for respective l,
where l = 1, · · · , m, whereas the rank of H(l) satisﬁes
rank[H(l) ] ≤ min[(N ∗ )(l−1) , (N ∗ )(l) , l = 2, · · · , m + 1.
To construct an eﬃcient multi-hop C-SM relay system,
therefore, it is desirable to have (N ∗ )(l) ≥ N, l =
2, · · · , m. As we will show by numerical results, increasing the number of relay nodes in each hop increases the
diversity gain. Thus, by keeping the total transmit energy unchanged in each relay hop, the use of more relay
nodes improves the transmission performance.
4. SIMULATION RESULTS
We present two sets of simulation results. The ﬁrst
set compares the BER performance of a multi-hop CSM system to that of a corresponding single-hop C-SM
system. In the second set of simulations, the relationship between BER and the number of relay nodes is
examined.
Consider a scenario that the distance between the
source and the destination is 100m. The source node
transmits 28 -ary QAM signals to four multiplexing relay nodes (N = 4), which are located from the source
node at a distance of 5m. Each of these relay nodes
employs QPSK modulation. The resulting spectral efﬁciency is 4 bps/Hz. The BER performance of a singlehop C-SM relay system and that of a three-hop system are compared. The path loss exponential is set to
ν = 4. Both systems use the same total transmit energy. For the three-hop system, the distance between
two node belong to adjacent relay hops is the same for
all hops, i.e., d = (100 − 5)/3 = 31.67m. The transmit
energy is equally distributed to the three relay hops.
The bit error rate (BER) results are depicted in Fig.
2. The Eb /N0 is evaluated at a destination receiver
when all the energy is transmitted from a single source
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In this paper, we have proposed the use of multi-hop
relay scheme in a cooperative spatial multiplexing (CSM) system. We have shown that, while the signal
decoding at each relay node in the second and later
relay hops is generally impractical, the exploitation of
relatively simple amplify-and-forward algorithm allows
energy-eﬃcient signal relaying, leaving the computationally expensive detection operation of the spatially
multiplexed information exclusively to the destination
receiver. Simulation results have shown signiﬁcant performance improvement and energy savings by using intermediate relay hops in a C-SM system.
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Figure 2: BER versus receive Eb /N0 for single- and
three-hop C-SM systems. N = (N ∗ )(2) = (N ∗ )(3) =
M = 4.
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