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ABSTRACT

A taxonomy of space-time signal processing is addressed in terms of architectural
and algorithmic classification, and the influence of the propagation channel on the
space-time processing. The architecture is classified according to link structure,
channel reuse and multiple access scheme. Algorithms are classified into channel
estimation methods, TDMA and CDMA receive algorithms and space-time transmit
algorithms. Finally, the effects of Doppler spread, delay spread and angle spread

on space-time processing is adressed.

*This research was supported by the Department of the Army Army Research Office, under
Grant No. DAAHO04-95-1-0249. The views and conclusions contained in this document are those
of the authors and should not be interpreted as necessarily representing the official policies or

endorsements, either expressed or implied, of the Army Research Office or the U.S. Government.



1 Introduction

Cellular radio signal processing functions include modulation/demodulation, chan-
nel coding/decoding, equalization and diversity combining. These functions are
performed by the radio modem. Current cellular radio modems do not, however,
efficiently exploit the spatial dimension offered by multiple antennas. The spa-
tial domain can be used to reduce co-channel interference (CCI), increase diversity
gain, improve array gain, and reduce intersymbol interference (ISI). These improve-
ments can have significant impact on the overall performance of a wireless network.
Modems that operate with multiple antennas in receive and in transmit can ex-
ploit the spatial domain by performing space-time processing (STP). Receive STP
improves signal to interference ratio through CCI cancellation, mitigates fading
through improved receive diversity, offers higher signal to noise ratio through array
gain and reduces ISI through spatial equalization. Likewise, transmit STP reduces
CCI generation, improves transmit diversity and in some cases also minimizes ISI
generation.

In this paper, we present a taxonomy of space-time processing. One classification
of STP techniques is based on architecture, and covers different design choices for
the physical layer of the wireless network. Another classification of STP techniques
is based on algorithms and refers to choices of signal processing algorithms and
optimization criterias. Underlying and affecting both these classifications are the
characteristics of the physical channel that include angle, delay and Doppler spreads,

see Figure 1.

ST Processing
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Figure 1: STP: Architecture, Algorithms and the Channel

The paper is organized as follows. Section 2 presents an architecture oriented

classification, while section 3 presents an algorithm oriented classification. Section 4
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discusses the influence of the channel on the choice of architecture and algorithms.
Section 5 illustrates the taxonomy through two examples. Finally section 6 gives a

summary of the paper.

2 Architecture

Architecture oriented classification is based on different choices of the physical layer
design of the wireless system that is directly affected by STP. We can view archi-
tectural classification along the three directions shown in Figure 2. First, in Link
Structure we make choices about where and how STP is to be applied to the net-
work elements. Next, in Channel Reuse we make choices for reusing the frequency
spectrum. Finally Multiple Access scheme is an important aspect of the physical

layer that affects STP.

Architecture

Multiple Access
Scheme

Channel Reuse

Figure 2: Architecture classification

2.1 Link Structure

Link structure refers to all aspects of STP related to the radio links between the
base station and the subscriber. The link structure, in turn, can be classified based
on the number of antennas at the base and the subscriber unit, and the use of STP

on receive and transmit. We discuss these issues below.

2.1.1 STP at the Base station and Subscriber unit

STP using multiple antennas can be applied at the base station, the subscriber

unit or at both locations. A number factors influencing these choices are discussed
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here. The differences in propagation environment, physical limitations and cost
constraints result in different choices of type and number of antennas at the base and
the subscriber unit. Base stations can employ multiple antenna elements more easily
because size and cost constraints are less restrictive. Antennas are an important
source of diversity when the correlation between the antenna elements is not too
high. At the subscriber unit, the presence of local scatterers provides adequate
decorrelation with a spacing of 0.3 to 0.5 wavelengths spacing between the antennas.
At the base stations, a spacing of 5 to 10 wavelengths may be needed to obtain
similar decorrelation [1]. For these reasons, the number of antennas, element design,
spacing and topology have different drivers at the base and the subscriber unit. STP
at the base is the primary focus today although STP at the subscriber unit is an
emerging technology. One example of the latter is the use of dual antennas in the

handset in the North American PACS standard.

2.1.2 Receive and Transmit STP

STP can be used in receive alone, in transmit alone or on both links. The factors
that influence these choices are discussed here. The key difference in the two links

is the difficulty in determining the transmit channel needed for transmit STP.

STP performance in receive and transmit can be very different due to the dif-
ferences in the knowledge of the associated channels. In receive, the channel can
be estimated (by non-blind or blind methods) since the signal has traveled through
the channel before being observed at the receiver. Also, interference is present at
the receiver input and therefore can be characterized and canceled. On the other
hand, in transmit, the channel is encountered after the signal leaves the antenna
array and therefore, use of STP in transmit requires prior knowledge of the channel.
Moreover, interference reduction in transmit requires knowledge of the channels to
the co-channel subscribers. Again, these are difficult to estimate. Both these factors
makes transmit STP challenging. See [2].

Figure 3 shows different link structures depending on the number of antennas
used in receive and in transmit. These options can be associated with the downlink

(base to subscriber) or the uplink (subscriber to base). Depending on the number of
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Figure 3: Link Structure

antennas, we can classify the channel as Single Input (SI) or Multiple Input (MI)
for transmit and Single Output (SO) or Multiple Output (MO) for receive.

2.2 Channel Reuse
2.2.1 Channel Reuse Between Cells

Current TDMA systems employ channel reuse between cells (RBC). We expect to
see only one desired signal at the base station or the subscriber unit, and interfering
co-channel signals from other cells.

TDMA systems typically have a reuse factor!, K, ranging from three to twelve.
Smaller reuse factors thus offer higher spectral efficiency. The lower limit of the
reuse factor depends on the tolerance to co-channel interference. Further one can
use sectorization wherein a cell is divided into a number of equal sectors and the
frequencies within the cell are divided among the sectors. The sectors in a cluster
then all use different frequencies. Sectorization further reduces the effect of CCI. It
is typical to describe a cellular layout as K/L where K refer to the number of cells
per cluster L refer to the number of sectors per cluster.

CDMA systems generally have a reuse factor of one, i.e. the whole spectrum
is reused in every cell. The cells can also here be divided into sectors where each
sector in general will reuse the whole spectrum.

STP can be used in both the uplink and the downlink to reduce CCI. This can

IThis refers to the number of cells in a cluster. Cells within a cluster do not use the same

frequency. The reuse factor therefore determines how close a co-channel cell can be located.



allow a decreased reuse factor in TDMA. In the uplink, the base station can use
STP in order to suppress close co-channel interferers. In the downlink, the base
station can have directive transmission in order to minimize interference to other
co-channel users. STP can also be employed at the subscriber unit to reduce CCI
on both links.

2.2.2 Channel Reuse Within Cells

Considering TDMA it may be possible with STP to support two or more links on
the same channel within a cell. This will strongly effect the required STP. We can
approach channel reuse from two view points, reuse at the base station and reuse

at the subscriber unit, see Figure 4. These are discussed below.

Single Subscriber
Multiple Subscribers

Single Base
Multiple Base

Figure 4: Channel reuse classification

Channel Reuse

Base Centered: Single vs Multi Subscriber Operation

The case when only one subscriber per channel is supported within a cell is here
referred to as the Single Subscriber case (SS). On the other hand, as mentioned
above, it is possible to support Reuse Within Cell (RWC) wherein we support
multiple subscribers within the same cell (or sector) on the same channel. We call
this the Multiple Subscriber case (MS). When supporting multiple subscribers per
cell and channel in TDMA the signals typically have to be separated using STP.
See for example [3][4][5] and [6].

CDMA systems support multiple subscribers on the same frequency channel.
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The subscribers however use different spreading codes and can therefore be sepa-
rated with time processing alone. However, STP can improve the performance.
The uplink and downlink in a communication system can have different channel
reuse factors. We can, for instance, support aggressive reuse in the uplink, since
receive STP is easier to implement, and use less aggressive reuse in the downlink
where channel estimation problems may limit CCI cancellation. In order to balance
the total number of subscribers in both links, asymmetric bandwidth assignment

on the two links is required.

Subscriber Centered: Single Base vs Multi Base Operation
Subscriber units normally receives the downlink signals from one base station. How-
ever, for subscriber units with multiple antennas it is possible to receive multiple
co-channel signals, carrying different information signals, from different base sta-
tions. Typically a high data rate signal would be split into multiple smaller data
rate signals which are then transmitted simultaneously from different base stations
on the same frequency channel. STP can be used to separate the co-channel signals
and then combine these after demodulation resulting in higher spectral efficiency [7].
Similarly, when transmitting, the subscriber unit can split a high data rate
signal into multiple lower data rate signals and transmit them with different spatial
signatures. The signals will then be received by the base stations and separated

using STP.

2.3 Multiple Access

The choice of multiple access (MA) plays a major role in the design of STP meth-
ods due to its effect on the characteristics of CCIL. In TDMA, since the signal is
not spread, one or two strong sources of CCI may be present in the RBC con-
figuration [8]. STP can be used to null these few, but strong, interferers, see for
example [9] and [10]. In CDMA, all users share the same channel and are sepa-
rated by different spreading codes, allowing time domain processing to reduce CCI.
Therefore, in CDMA, the STP has to deal with a large number of weak interferers.

This difference affects the strategies for CCI suppression.
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We can combine link, channel reuse and multiple access approaches to yield a
variety of different architectures that employ STP. Example configurations where
multiple antennas are used at the base station together with RBC reuse in a TDMA

system are shown in Figure 5.
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Figure 5: Example TDMA configurations.

3 Algorithms

Algorithms for STP can be divided into those used for channel estimation and those
used for receive and transmit processing, see Figure 6. We briefly discuss algorithms
in these groups below. The receive algorithms for TDMA and CDMA are treated

separately.

Transmit algorithms

Receive agorithms

Figure 6: Algorithm classification.



3.1 Channel Estimation Algorithms

ST channel estimation algorithms can be divided into the receive and the trans-
mit case. In receive channel estimation algorithms we can use non-blind or blind
methods. In blind methods, no training signals are available and the underlying
structure of the channel and/or the signal modulation format can be used to esti-
mate the channel. Blind methods for channel estimation have been an active area
of research. See [11] for a review of these methods. In non-blind methods, training
signals are transmitted along with the information signal so as to enable channel
estimation by the receiver. Again, a number of non-blind techniques use a burst of

training symbols, pilot tones, pilot symbols or pilot codes. See [12] for more details.

In estimation of the transmit channel, we have two broad approaches - reci-
procity and feedback. In the reciprocity method, we use that fact that the transmit
and receive channels at the same frequency and at the same time are identical ac-
cording to principle of reciprocity. Since the receive channel can be estimated as
described earlier, the transmit channel can therefore sometimes be approximated
using this principle. In frequency division duplexed (FDD) systems, the transmit
and receive frequencies are separated by 4 to 5% of the carrier frequency. However,
if the angular spread of the signal is small, the spatial signature of the channel will
be approximately reciprocal [13]. In time division duplexed (TDD) systems, receive
and transmit are separated in time. The reciprocity will then only be valid if the
duplexing time is much shorter than the coherence time. The accuracy of the trans-
mit channel estimation thus depends upon the duplexing technique and the channel
characteristics. Another approach for transmit channel estimation uses feedback.
The signal received at the receiver is fed back to the transmitter, allowing the trans-
mitter to estimate the channel, see for example [14]. Alternatively, the transmit
channel identified at the receiver can be fed back to the transmitter. Once again,
the performance of the feedback techniques depends on the channel characteristics
and the nature of the feedback algorithm. Transmit ST channel estimation offers

special challenges and remains an active area of research. See [11] for more details.
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Single User Joint
Multi-user

Figure 7: TDMA algorithm classification

3.2 TDMA Receive Algorithms

In TDMA the main tasks to be performed are diversity reception, ISI equalization
and CCI suppression. We can classify TDMA algorithms into STP that is decoupled

or joint in the spatial and temporal domains. Figure 7 illustrates this.

3.2.1 Single User Decoupled Space-Time Approach

In STP, we can decouple the space and time processing. This will lead to a spatial
beamformer front end followed by a temporal processor (equalizer). The pure spatial
processor can be used to reduce co-channel interference while maximizing spatial
diversity. The output of the spatial processor is fed to a temporal processor for ISI
reduction and recovery of temporal diversity. The spatial processor can range from
a fully adaptive beamformer to a simpler switched beam system. The main options
for the temporal processor are a linear equalizer (LE), a decision feedback equalizer

(DFE), or a maximum likelihood sequence estimator (MLSE).

3.2.2 Single User Joint Space-Time Approach

In the presence of coupled angle and delay spreads for the desired signal, a joint
STP approach has performance advantages. Joint STP is also better at dealing
with delay spread in the CCI than decoupled space-time methods. A number of
receiver structures have been proposed, broadly divided into ST linear equalizers,

decision feedback equalizers, and ST maximum likelihood sequence estimators. See
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for example [11][15][16][9][10][17] and [18].

3.2.3 Multi-User Detection

With multiple antennas, joint multi-user detection in TDMA becomes more robust
than with one antenna. The spatial dimension helps to separate multi-user signals.
The two main choices are a multi-user decision feedback equalizer [5] or a multi-user
maximum likelihood sequence estimator. The multi-user decision feedback equalizer
has a computational advantage over the MLSE since its complexity grows linearly
with the number of users, whereas it increases exponentially in the number of users

for the MLSE. A ST multi-user DFE is discussed in [5].

3.3 CDMA Receive Algorithms

We here restrict the discussion to DS-CDMA. In DS-CDMA the main tasks of the
receiver are MA interference suppression and detection. A tree diagram of algorithm

choices is shown in Figure 8.

Single-user Multi-user
Approach Approach

-D e

Figure 8: CDMA algorithm classification

There are two main classes of detection schemes for CDMA: the single-user
detection approach and the multi-user detection approach. In the single-user ap-
proach, only one users signal at a time is recognized and the other signals are treated

as noise. In the multi-user detection approach, all users are detected jointly.

11



3.3.1 Single-user Detection

The ST-processing can here be decoupled into a spatial beamformer followed by a
simple correlating detector using the spreading code. This is the space-time coun-
terpart of the simple correlating receiver. It exploits a single received path (finger)
and is useful in environments with no multipath propagation. See for example [19].

If several paths (fingers) are present, the filtering can be done done jointly in
time and space. The natural choice would be the ST-RAKE receiver which is a
combination of one beamformer per path followed by a RAKE combiner. It can

also be viewed as a ST-matched filter. See for example [20].

3.3.2 Multi-user Detection

Although one can conceive decoupled space and time multi-user detection schemes,
we will here only consider joint space-time multi-user detection schemes. The multi-
user detection approaches can be divided into the MLSE detector and linear detec-
tors. The space-time multi-user MLSE generalizes from the time-only multi-user
MLSE. See [21] and [22]. The MLSE will be optimal if the channels for all users
are known. However, as in TDMA, it is computationally complex.

The linear detectors are much less computationally complex. Examples of linear
detectors are the ST decorrelating detector and the ST-MMSE detector, see [22]
and [23].

3.4 Transmit Algorithms

ST Transmit algorithms use a variety of techniques to maximize diversity, minimize
generated CCI and also in some situations pre-equalize the channel for ISI [11][2].
In general since ISI equalization can be implemented at the receiver, transmit STP
focuses on diversity gain maximization and CCI reduction. In cases when the trans-
mit channels for the signal and co-channel users are known, the transmit algorithms
can implement optimum ST weighting to maximize diversity gain while minimizing
generated CCI. Here again, both decoupled and joint space-time approaches can
be considered, with the latter offering improved performance. In the more likely

scenario when the co-channel users channels are unknown and the signal channel is
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known only approximately, transmit algorithms may use simple beamforming with
the beam steered towards the dominant mobiles direction with low side lobes to re-
duce CCI generation. In the extreme case when no channel knowledge is available,
the transmit algorithms reduces to pure diversity maximization schemes. These
schemes convert the space diversity of the transmit antennas into other forms of di-
versity that can be exploited by the receiver. Some examples include phase rolling,

delay diversity and space-time coding [26][27][28].

4 Influence of the Channel on STP

STP algorithms are also profoundly influenced by channel characteristics. In STP,
the channel is broadly defined to include the interference channel. A description
of the effect of channel characteristics and corresponding mitigation techniques are
given in Figure 9. A presentation of Doppler and delay spread of mobile radio

channels can be found in [1].

Effect Mitigation
- Time varying channel - Channel tracking
Doppler Spread || - Reduces reciprocity in TDD | . Reduce TDD turn around
- Time selective fading time
- Time diversity
-1l o - Equalizatio/RAKE
Delay Spread || - Reducesreciprocity intime | | Apgie selectivity

channel S
- Frequency sdlectivefading | - Freduency diversity

- Space selective fading - Space diversity
Angle Spread || - Reduces reciprocity in - Reduce frequency spread in
space channel FDD

Figure 9: Channel characteristics influencing STP

4.1 Doppler Spread

Doppler spread induced by subscriber or scatterer motion has a strong influence on
STP algorithms in different dimensions. Doppler spread is large in macrocells which
serve high mobility subscribers. Also it increases with higher operating frequencies.

Doppler spread is also present in low mobility (microcell) or fixed wireless networks
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due to mobility of scatterers (traffic).

Doppler spread has several effects on STP algorithms. In digitally modulated
systems, if the symbol period is comparable to the coherence time (inversly pro-
portional to the Doppler spread), we have a fast Doppler channel that causes BER
flooring. Wireless systems are usually designed to avoid this condition.

In a TDMA system, if the slot period is small compared to the coherence time
of the channel (as in GSM), the channel will be reasonably constant during the
slot, and we do not need to track the channel during the slot. On the other hand if
the slot duration is comparable to or longer than the coherence time of the channel
(as in IS-136), the channel changes significantly and we need to track the channel
during the slot.

Fading can sometimes be combatted in the time domain by interleaving and
coding. This is however only effective if the coherence time is shorter than the
interleaver depth. For slowly time varying channels, other forms of diversity may
be necessary to ensure acceptable link quality.

Also, as mentioned in Section 3.1, in time division duplex systems, the reci-
procity of the channel is valid only if the channel coherence time is much larger

than the duplexing time.

4.2 Delay Spread

Delay spread arises from multipath and can be large in macrocell systems with
antennas located above the roof top. It is largest in hilly terrain areas and least
in flat rural terrain applications. Microcells using below roof top antennas tend to
have small delay spreads.

Delay spread affects STP algorithms in several ways. In TDMA systems, if
the symbol period is much shorter than the delay spread of the channel, we can
avoid equalizers (as in PACS and PHP). In contrast, in GSM, the delay spread can
be much larger than the symbol period mandating the use of equalizers. Channel
equalization for delay spread, can be handled by STP in both space and time.
In general, combined space and time processing is more effective for delay spread

mitigation than time processing alone.

14



Likewise, in CDMA, if the delay spread is larger than the chip period, we have
inter-chip interference which, however, is usually much less insidious than the ISI

in TDMA. Typically, the diversity in paths is exploited by a RAKE receiver.

4.3 Angle Spread

Angle spread arises from multipath arrivals from different directions. It is largest at
the subscriber unit, where local scatterers may result in 360 degrees angle spread.
At the base station, the angle spread is large in microcells with below roof top
antennas. Base stations in macrocells witness less angle spread, it is the lowest in
rural regions and becomes significant in urban and hilly regions.

Angle spread influences a number of STP issues. First, high angle spread in-
creases spatial diversity which should be exploited by STP. Next, as mentioned
in Section3.1, the reciprocity of the spatial signature of the channel reduces if the

angle spread is large.

5 Two Examples

We apply the above described taxonomy to two well known air interfaces which are

assumed to have been enhanced with STP techniques.

5.1 GSM

Assume a GSM air interface with receive and transmit antenna array processing at
the BS. The subscriber units use a single antenna. Also only a single subscriber is
allowed within a cell in a given channel. We assume the base station antennas are
above rooftop. Let the channel be a typically urban channel with 60 MPH mobile
speed and a carrier frequency of 1800Mhz. We further assume a training sequence
is available for tuning of the processing algorithms. The overall classification of this

STP problem will then be:

e Architecture
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— Link Structure

* Base: STP in Rx and Tx

* Subscriber: Time processing only
x Uplink channel: SIMO

x Downlink channel: MISO

— Channel Reuse

x At Base : Single subscriber

*x At Subscriber: Single base

— Multiple Access: TDMA
e Algorithms

— Joint ST MLSE
e Channel

— Delay spread: High

Doppler spread: Low

Angle Spread (Base): Low to Medium

Angle Spread (Subscriber): High

5.2 DECT

Assume a DECT air interface with an antenna array at the BS. The subscriber units
use a single antenna. Also multiple subscribers are allowed within a cell. We assume
small cells (microcells) with rooftop or below rooftop antennas. The subscriber units
are slow moving. Because of the small cells, the delay spread will be very small and
the equalizer will mainly deal with the ISI from the GMSK modulation. For this
reason we can employ decoupled STP with a beamformer followed by a temporal

equalizer. The overall classification of this STP problem will be:

e Architecture

— Link Structure
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* Base: STP in Rx and Tx

* Subscriber: Time processing only
x Uplink channel: SIMO

* Downlink channel: MISO

— Channel Reuse

x At Base : Multiple subscribers

*x At Subscriber: Single base

— Multiple Access: TDMA
e Algorithms

— Decoupled Space and time. Spatial beamformer followed by a temporal

DFE or MLSE.
e Channel

— Delay spread: Negligible
— Doppler spread: Low
— Angle Spread (Base): Medium to high

— Angle Spread (Subscriber): High

6 Summary

Use of space-time processing is emerging as a powerful tool for improving perfor-
mance of cellular wireless networks. In this paper we provide a taxonomy for STP
algorithms from a variety of viewpoints. The complex nature of STP makes it
impossible to classify all of its dimensions in a precise manner. We present one ap-
proach here. We hope it will help to better define and differentiate STP algorithms

and will provide insightful background for future research.
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