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Marko Hennhöfer, Giovanni Del Galdo, and Martin Haardt

Ilmenau University of Technology - Communications Research Laboratory

Submitted to the WWRF #10 meeting, New York City, USA, October 27-28, 2003

Working Group WG4: New Air Interfaces, Relay based Systems and Smart Antennas

Objectives (c) Contributing towards the already identified research areas.

(d) Contributing towards the White Papers being developed within the Working

Groups.

(e) Sharing information about, or results from, complementary research projects

or activities outside the forum.

Title Increasing the Throughput in Wireless multi-hop Systems via Spatial Multiplexing

Contact details Marko Hennhöfer and Martin Haardt
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ABSTRACT

Proposed data rates for future mobile communication systems of 100 Mbps and more require large transmission bandwidths.
As the bandwidth in the 2 GHz range is very limited, future systems are likely to be allocated in the wireless LAN bands
around 5 GHz or at even higher frequencies. Rising the carrier frequencies results in a higher path loss which would lead
to a dense mesh of access points (base stations) to guarantee coverage. To avoid the high number of access points, multi-
hop concepts such as the wireless media system (WMS) have been proposed in the WWRF [1] to extend the range of the
access points. In a typical multi-hop scenario the data is routed from an access point (AP) over one or more relays to the
mobile station. The relays do not require a connection to the core network. Therefore, the infrastructure costs are lower.
These concepts might use fixed or mobile wireless relays (FWRs) to extend the range of the AP as this guarantees a certain
coverage. If the WMS uses relaying in the time domain, there is a reduction of the throughput for each hop due to idle times.
This reduction in throughput is avoided by the use of spatial multiplexing via smart antennas. This is due to the fact that a
relaying scheme based on spatial multiplexing (RSM) can handle several connections to spatially seperated locations at the
same time.



1. INTRODUCTION

Communication systems beyond 3G should provide more than 100 Mbps for mobile access [2]. In addition to smart antennas
also multi-hop networks are proposed to increase the cell size [1, 3]. In this contribution we show how the theoretical
throughput in multi-hop networks can be increased by using spatial multiplexing with smart antennas. The basic system
parameters are taken from the WLAN standards [4], which have been extended to the WMS (Wireless Media System) [5].
The WMS uses a cellular structure where the cell size is increased by the use of fixed wireless relays (FWRs) [3]. Fig. 1
represents a typical configuration of a multi-hop network where the access point (AP) and the FWRs are located at street
crossings. If the line-of-sight (LOS) path is shadowed by obstacles as, for instance, depicted in Fig. 1, a direct connection
between the AP and the mobile station (MS) is not possible at high frequencies. By using relays the MS can be reached, e.g.,
with three hops over the relays R2 and R7.

R 5

R 4 R 2

R 1

R 3

R 6

R 7

R = Relay

AP

M
S

AP = Access Point

MS = Mobile Station

Fig. 1. multi-hop concept. Relaying of the data between the AP and the MS.

The relaying of data between the access point, the FWRs, and the MS can be performed in various ways.

• Relaying in the time-domain. The FWRs use different time slots to transmit data to their neighbors, which operate at
the same frequency. A possible time slot allocation for the connection from the AP to the MS (depicted in Fig. 1) is
shown in Fig. 2a).

• Relaying in the frequency domain. The FWRs use different frequencies to transmit data to their neighbors within the
same time slot. This leads to a reduced throughput due to a reduced bandwidth.

• Relaying in the code domain. The FWRs use different codes to transmit data to their neighbors at the same time and
the same frequency. This leads to a reduced throughput due to an increased interference.

• In this paper, we propose relaying in the spatial domain. The FWRs use different beams to transmit data to their
neighbors at the same time and on the same frequency (and using the same code). Well known beamforming concepts
for the receive mode are presented in [6], whereas efficient multi-user transmit beamforming techniques are developed
in [7].

If the WMS concept uses relaying between the AP, the FWRs, and the MS in the time-domain, there is a considerable
reduction of the throughput [3, 8], since a new resource (time slot) is needed for every hop. With the use of antenna arrays
at the FWRs it is possible to transmit (or receive) different data streams at the same time, e.g., to transmit to the MS in
one direction and to an other FWR in a different direction. The advantage of having more than one connection at the same
time becomes visible in Fig. 2b), where a spatial multiplexing based time slot allocation scheme is shown for the connection
between the AP and the MS depicted in Fig. 1. It can be seen that in the simple case of two relays (R2, R7) per connection
the throughput in the RSM case is three times higher than in the TDR case (Fig. 2). More than one connection at a time is
possible via spatial multiplexing, e.g., in Fig. 1 the connections R2⇒ R7, R2⇒ AP and also R2⇒ R6 and R2⇒ R5 can be
operated at the same time. Therefore, the system does not lose throughput compared to a single hop system, i.e., there is no
need for additional time-, frequency-, or code resources.
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Fig. 2. Comparision of time slot allocation strategies for the connection between the AP and the MS as shown in Fig. 1:
a) Time-domain relaying (TDR) b) Proposed relaying scheme based on spatial multiplexing (RSM). Note that all connections
operate on the same frequency.

2. CALCULATION OF THE THROUGHPUT

In order to calculate the throughput we have to analyze the link budget. A simple path loss model is used to determine the
signal-to-noise-ratio (SNR) values for different numbers of hops and all possible positions of the MS. From the SNR values
the bit error- and packet error rates (BER, PER) are calculated for different modulation and coding schemes. Finally, the
throughput is calculated based on the PER.

Symbol TDR RSM
Transmit power AP PT,AP 23 dBm 23 dBm
Transmit power FWRs PT,FWRi 23 dBm 23 dBm
Tx Antenna gain AP, FWRs GT,AP/FWRi 0 dBi 6 dBi
Rx Antenna gain FWRs GR,FWRi 20 dBi 6 dBi
Rx Antenna gain MS GR,MS 0 dBi 0 dBi
Noise floor Pn -90 dBm -90 dBm
Noise figure FWRs NF 2 dB 2 dB
Path loss exponent γ 2.4 2.4

Table 1. Parameters used for the calculation of the throughput in the presented example for time-domain relaying (TDR)
and relaying based on spatial multiplexing (RSM).

The received power for the last hop is calculated as

PR,MS = PT,FWR ·GT,FWR ·GR,MS

(

λ

4π

)2

· d−γ
FWR,MS

, (1)

where λ is the wavelength. Based on this model, the whole link budget can be evaluated, resulting in a SNR for each location.
Using these SNRs it is possible to calculate the bit error rates (BER) for the individual hops and different modulation schemes.
For 2k QAM the following approximation of the BER is used:

Pe ≈
2 · (2k/2 − 1)

k · 2k/2
· erfc

(
√

3 · k

2 · (2k − 1)
SNR

)

with k = 2n, n = 1, 2, 3, ... (2)



Furthermore we consider the coding gain for a rate R = 3/4 convolutional coder. The asymptotic coding gain for soft
decision decoding is given by [9]

Ga,soft = 10 · log10(R · df), (3)

where df is the free distance of the code. In the simulation results at the end of the section we used a code with df = 4 [10].
As we transmit over several stages the resulting bit error rate at the MS is the concatenation of the BERs of the single

stages. In the case of two FWRs we get

Pe,MS = 1− (1− Pe,AP,FWR1) · (1− Pe,FWR1,FWR2) · (1− Pe,FWR2,MS), (4)

where Pe,MS is the resulting BER at the mobile station and Pe,AP,FWR1, Pe,FWR1,FWR2, Pe,FWR2,MS are the BER at the
FWR 1 for the link between the AP and FWR 1, the BER for the link between FWR 1 and FWR 2, and the BER for the
link between FWR 2 and the MS, respectively. For a given packet size (here: nB = 54 bytes), the packet error rate (PER) is
calculated as

PER = 1− (1− Pe,MS)nB·8 (5)

The PER leads directly to a reduced throughput (TP).

TP = (1− PER) · TPmax, (6)

where TPmax is the maximum achievable throughput, e.g., 54 Mbps if 64 QAM is used. The resulting throughputs for
different modulation schemes, number of hops, and positions of the MS are depicted in Fig. 3, calculated with the parameters
of table 1.
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(b) Relaying via spatial multiplexing (RSM)

Fig. 3. Comparison of the throughput for a time-domain relaying (TDR) scheme and the proposed relaying based on spatial
multiplexing (RSM).

The green lines indicate the direct connection between the AP and the MS, the red lines use one relay, located at 150 m
and the blue lines use another relay at 300 m. The line thickness indicates the modulation and coding scheme (64 QAM
rate 3/4 convolutional coding, 16 QAM R3/4, BPSK R3/4) For example, if the mobile is located at 220 m, the data is routed
over one relay (red curve) and in the TDR case a 16 QAM would achieve a throughput of about 18 Mbps, whereas the RSM
scheme would use a 64 QAM with a throughput of 54 Mbps.

The proposed RSM system comprises additional benefits. If the MS is equipped with one antenna, an additional diversity
gain can be obtained by using different routes between the AP and the MS as drawn in Fig. 4. This is again achieved without
the need for new resources. If the mobile also uses multiple antennas it can even resolve different data streams from various
directions (spatial multiplexing), resulting in an increased data rate.
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Fig. 4. Possible diversity and spatial multiplexing gain for smart antenna multi-hop networks.

3. SIMULATIONS BASED ON A REALISTIC CHANNEL MODEL

In order to assess the validity and applicability of the proposed RMS scheme we compare its throughput with the one achieved
for a time-domain relaying (TDR) scheme in a realistic channel model generated with the IlmProp, a flexible GO (Geometric
Optics) based propagation model for wireless communications developed at Ilmenau University of Technology. The IlmProp
includes a full three dimensional geometrical representation of the environment surrounding the experiment and a precise
representation of the transmitting and receiving antennas [11]. Fig. 5 shows the scenario employed. Two mobiles (MS1 and

Fig. 5. A channel model realized with the IlmProp. Two mobile stations (MS1 and MS2) move on streets surrounded by
buildings. The faces of the buildings are covered with scatterers which provide a multi-path scenario. The access point (AP)
and two relays (R1 and R2) are also visible. The rays connecting MS1 and the first relay are represented by lines.

MS2) move on different trajectories (represented by blue lines) in an environment surrounded by buildings. At around 300



meters the first mobile turns left. Both mobiles move at a constant speed of 30 km/h. The access point (AP) and two relays
(R1 and R2) are represented by blue spheres and they all possess UCA’s (Uniform Circular Arrays) with 14 antenna elements.
The mobiles, on the contrary, have only one omnidirectional antenna. The first relay is 150 meters away from the access
point, while the second is at 300 meters. The AP, R1 and R2 are mounted 5 meters over the ground level. The channels are
generated considering the line of sight component and the echoes coming from single-bounce reflections of scatterers spread
randomly on the buildings facades. The path-losses and the obstruction of the buildings have been modeled as well. The
operation frequency is 5 GHz. The reflection coefficients, antenna gains, and transmit powers are properly chosen so that the
resulting SNR’s roughly match the values obtained from the previously described theoretical study.
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(a) Time-domain relaying (TDM)

0 50 100 150 200 250 300 350
−30

−20

−10

0

10

20

30

40

50

S
N

R
dB

distance on trajectory [m]

Simulated SNR using smart antennas

(b) Relaying via spatial multiplexing (RSM)

Fig. 6. Comparison of the SNR achieved at the first mobile by the two schemes. For the TDM scheme all devices employ a sin-
gle omnidirectional antenna while for the RMS scheme the AP and the two relays use 14-UCA’s. The Block-Diagonalization
algorithm performs the beamforming.

Fig. 6 shows the SNR for the first mobile for both schemes. For the TDM scheme all devices employ a single omnidirec-
tional antenna. For this reason the two users as well as the relays cannot be separated. For instance, when R2 transmits, both
the access point and the second relay will receive its signal. A Time-Domain relaying is thus required. When employing smart
antennas, on the other hand, the receivers can be separated and the resources available can be better exploited through spatial
multiplexing. For the beamforming we implement the Block-Diagonalization algorithm [12] which suppresses completely
all interference among the users. The beamforming is done on the assumption that partial channel knowledge is known at
the FWRs. In particular, the long-term channel statistics are estimated as described in [13]. In order to comply with this
constraint, the SNR results degraded in those regions where the Directions of Arrival (DoA’s) of the two mobiles are closer.

Fig. 7 shows the simulated throughputs for the first mobile. The green lines indicate the direct link between the access
point and the first mobile station. The red lines use one relay, the blue lines use two relays. As for the theoretical investigation
we use convolutional coding with rate 3/4 and either 16 QAM or 64 QAM as modulation schemes. The throughput is
calculated directly from the SNR as described in the previous section. As clearly visible the use of smart antennas significantly
improves the achievable throughput. It is interesting to notice that the ranges served by the FWRs have changed. In fact the
access point can now achieve high throughput only until 45 meters while in the TDM case it could reach more than 50
meters. This depends on the fact that from the AP point of view, both links to the mobiles have similar DoAs. The Block-
Diagonalization algorithm suppresses completely any interference between the users. As a consequence of this constraint,
the beamformer cannot maximize the SNR of the first mobile ignoring the interference given to the second. The result is a
degraded throughput. On the contrary, from the relays points of view, the two mobiles are spatially well separated and thus
the beamformer can achieve a better SNR compared to the single antenna case (TDM). This leads to an extension of the areas
in which they deliver high throughput. For the RSM scheme, the small loss in throughput experienced at every hop is due to
the fact that link between hops introduces errors so that the bit error rate gets worse from hop to hop.
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Fig. 7. Comparison of the throughput achieved at the first mobile by the two schemes.

4. CONCLUSIONS

The proposed system reaches the maximum throughput that is almost independent of the number of used hops (Fig. 3b). In
our example with three hops we achieve three times the throughput compared to the time domain relaying case [1, 3]. A
reduction of the number of calculations in the FWRs can be achieved as the positions of the FWRs are fixed and do not have
to be estimated. The beamforming weights between the individual FWRs and the AP can be calculated in advance and stored
in a look-up table. The implementation of such a scheme has been tested on a realistic channel model, confirming the results
obtained from the theoretical investigation.
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