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ABSTRACT

A brief historical perspective of the evolution of waveform de-
signs employed in consecutive generations of wireless communi-
cations systems is provided, highlighting the range of often con-
flicting demands on the various waveform characteristics. As the
culmination of recent advances in the field the underlying bene-
fits of various Multiple Input Multiple Output (MIMO) schemes
are highlighted and exemplified. As an integral part of the ap-
propriate waveform design, cognizance is given to the particular
choice of the duplexing scheme used for supporting full-duplex
communications and it is demonstrated that Time Division Du-
plexing (TDD) is substantially outperformed by Frequency Divi-
sion Duplexing (FDD), unless the TDD scheme is combined with
further sophisticated scheduling, MIMOs and/or adaptive mod-
ulation/coding. It is also argued that the specific choice of the
Direct-Sequence (DS) spreading codes invoked in DS-CDMA pre-
determines the properties of the system. It is demonstrated that a
specifically designed family of spreading codes exhibits a so-called
interference-free window (IFW) and hence the resultant system is
capable of outperforming its standardised counterpart employ-
ing classic Orthogonal Variable Spreading Factor (OVSF) codes
under realistic dispersive channel conditions, provided that the
interfering multi-user and multipath components arrive within
this IFW. This condition may be ensured with the aid of quasi-
synchronous adaptive timing advance control. However, a limita-
tion of the system is that the number of spreading codes exhibiting
a certain IFW is limited, although this problem may be mitigated
with the aid of novel code design principles, employing a com-
bination of several spreading sequences in the time- frequency-
and spatial-domain. The paper is concluded by quantifying the
achievable user load of a UTRA-like TDD Code Division Multi-
ple Access (CDMA) system employing Loosely Synchronized (LS)
spreading codes exhibiting an IFW in comparison to that of its
counterpart using OVSF codes. Both system’s performance is en-
hanced using beamforming MIMOs.
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of the NEWCOM, NEXWAY and PHOENIX projects is gratefully acknowl-
edged. The author would also like to acknowledge the contributions of his
close colleagues and professional friends and to express his gratitude for the
enlightenment gained from the collaborations with those, whose work was
cited in the reference section.
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Figure 1: Factors affecting the design of wireless signalling wave-
forms [1].

1. HISTORIC EVOLUTION OF WAVEFORM-DESIGN IN
WIRELESS COMMUNICATIONS

1.1. The Early Years

The efficient design of wireless signalling waveforms has to take into
account the entire host of contradictory design trade-offs portrayed
in Figure 1, as it will be detailed in this treatise. Historically speak-
ing. the first-generation wireless systems were mainly based on ana-
logue Frequency-Modulation (FM). although their control channels
have used digital signalling. During the 1980s substantial research
efforts were invested in designing the first digital mobile radio sys-
tem. which - for the first time - supported international roaming in
the heart of Europe [2]. During the period leading to the standardisa-
tion of the Pan-European GSM system [2] numerous novel waveform-
design concepts were investigated. The investigations considered var-
ious spectrally efficient modulation schemes requiring highly linear
amplification [3] as well as partial-response Gaussian Minimum Shift
Keying (GMSK) [2]. Partial-response GMSK uses a so-called Gaus-
sian filter for spreading the effects of a single modulating bit over
three consecutive bit intervals and hence deliberately introduces Inter-
Symbol Interference (ISI), which in turn requires a channel equaliser
at the receiver for detecting each bit even in the absence of channel-
induced dispersion [2]. In exchange for the equaliser’s extra complex-
ity the GMSK-modulated waveform exhibits as narrow a spectrum, as
possible, since the Gaussian pulse has the narrowest possible band-
width owing to its smoothest possible time-domain waveform evolu-
tion [2]. Furthermore, since the modulating signal affects the phase
of the carrier, rather than its amplitude, GMSK is insensitive to non-



linear amplification and hence can be amplified using power-efficient
class-C amplifiers. which results in a low power-consumption by the
handset.

Although GSM has become the most prevalent second-generation
(2G) standard right across the globe. there were a number of other 2G
standards. For example, the Pan-American IS-54 system [2] and the
Japanese Digital Cellular (JDC) systems opted for using 7 /4-rotated
Quadrature Phase Shift Keying (QPSK) constellations for transmit-
ting 2 bits/symbol at the cost of requiring somewhat higher received
Signal-to-Interference-Plus-Noise Ratios (SINR) than GMSK. Fur-
thermore, QPSK requires linear class-A power-amplification or am-
plifier linearisation techniques [3]. which is substantially less power-
efficient than the non-linear class-C power amplifiers readily tolerated
by the constant-envelope GMSK signal.

By the early 1980s the understanding of waveform design has
reached a certain maturity and researchers embarked on investigat-
ing alternative, more "exotic’ modulated waveform shapes. such as
the employment of both Direct Sequence Code Division Multiple Ac-
cess (DS-CDMA) [4]. as well as Frequency-Hopping (FH) assisted
CDMA [4]. The great significance of these studies was that for the
first time, researchers were closely following the Shannonian prin-
ciples of rendering both the modulated DS-CDMA signal as well
as the Co-channel Interference (CCI) noise-like in statistical terms,
since both DS-spreading as well as FH broaden the transmitted sig-
nal’s spectrum, hence rendering them similar to the spectrum of noise.
Although spread-spectrum principles were also considered for em-
ployment in the GSM system in the early 1980s. they have lost out
to partial-response GMSK wave-form design. Further developments
in the state-of-the-art of weaveform design for CDMA systems fol-
lowed. when the first so-called M-ary orthogonal CDMA system was
proposed by Qualcom for their 2G system [2] in the early 1990s.

By the time the standardisation of the third-generation (3G) sys-
tems gathered momentum during the 1990s [4]. the understanding of
waveform design for diverse CDMA systems reached a state of matu-
rity. including the design of various DS-spreading waveforms [4]. In
addition to the transmission of classic voice signals [S]. there was a
commercial demand for more bandwidth-hungry applications. such as
the transmission of both still and interactive video signals [6]. which
stimulated further research for the sake of supporting both variable-
rate and high-rate wireless Internet services. Both the European and
Japanese 3G solutions [7] opted tfor the employment of wideband
DS-CDMA using a chip-rate of 3.84 MChips/s in an approximately
SMHz bandwidth and Orthogonal Variable Spreading Factor (OVSF)
DS spreading waveforms using Walsh-Hadamard (WH) codes. By
contrast. the Pan-American cdma2000 system invoked three paral-
lel subcarriers. leading to the conception of the first commercially
available Multi-Carrier DS-CDMA (MC-DS-CDMA) system. using
a MC-waveform design [4].

In the mean-time Moore's law and a range of other advances in
technology. such as the design of high-linearity power amplifiers fa-
cilitated the employment of higher symbol rates and the transmission
of multi-bit Quadrature Amplitude Modulation (QAM) signals [3].
As a natural counter-measure against the violently fluctuating Sig-
nal to Interference plus Noise-Ratio (SINR). the philosophy of near-
instantaneously Adaptive QAM (AQAM) or Burst-by-Burst Adap-
tive (BbBA) QAM was proposed. which was documented in detail
in [4, 8]. These waveform design advance have led to the conception
of the High-Speed Downlink Packed Access (HSDPA) High-Speed
Uplink Packed Access (HSUPA) modes of the 3G systems. which rely
on the extensice employment of AQAM and adaptive channel coding
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concepts [1]. Naturally, the transceivers have to be designed to satisfy
the exact specifications of the highest-throughput and hence most sen-
sitive QAM mode of operation. Clearly, this ambitious waveform de-
sign philosophy has moved way beyond the robust constant-envelope
waveform design philosophy of class-C non-linear amplification em-
ployed in the GSM system.

It is imperative that the waveform design developments of both
Digital Audio Broadcast (DAB) [8] and Digital Video Broadcast (DVB)
[6] systems as well as those of the family of Wireless Local Area Net-
works (WLANS) are also portrayed. In both of these categories multi-
carrier transmission techniques based on Orthogonal Frequency Divi-
sion Multiplexing (OFDM) have found favour [9]. Although OFDM
techniques [9] exhibit numerous benefits in terms of implementation-
ally efficient modulation. demodulation as well as equalisation tech-
niques. they are even more sensitive to amplifier non-linearities than
their single-carrier QAM counterparts [3]. Similar problems are also
encountered by their close relatives, namely by the family of various
MC-CDMA schemes. although both the so-called peak-to-average-
power-ratio (PAPR) and the resilience of the system substantially de-
pends on the specific choice of DS spreading factors. as detailed in
Chapters 9 and 11 of [9]. Nonetheless, at the current state-of-the-art
it appears likely that the next-generation wireless systems will em-
ploy highly flexible. reconfigurable BbB AQAM-aided multi-carrrier
transmission techniques owing to their high flexibility in terms of pro-
viding a range of bitrates and transmission integrities.

It is worth noting at this stage that most of the above-mentioned
research efforts have been invested in designing bandwidth-efficient
modulated waveforms. which are beneficial in noise-limited, rather
than interference-limited environments. i.e. in single-user scenar-
ios. Furthermore. when the transmitter inflicts non-linear distortions,
while the channel imposes linear distortions. only sophisticated chan-
nel equalisers and multi-user equalisers are capable of attaining a
near-single-user performance. However. the complexity of Multi-
User Detectors (MUDs) [4] is typically high. since their effective
channel matrix contains the convolution of the DS spreading sequences
with the CIR and this potentially large matrix may have to be inverted.
unless alternative reduced-complexity techniques are employed. Hence
in recent years the concept of combined Time-Domain (TD). Frequency-
Domain (FD) and Spatial-Domain (SD) spreading emerged as an at-
tractive low-complexity alternative. as argued in [4]. For example.
using a low spreading factor of SF=8 in all three domains would al-
low us to support a total of 8°=512 users by separating them in the
TD. FD and SD. respectively.

1.2. The MIMO Era

In recent years various smart antenna designs have emerged. which
have found application in diverse scenarios, as summarised in Ta-
ble 1. The main objective of employing MIMOs is that of combating
the effects of multipath fading on the desired signal and suppress-
ing interfering signals, thereby increasing both the performance and
capacity of wireless systems. To elaborate a little further, in smart an-
tenna assisted systems multiple antennas may be invoked both at the
transmitter and/or the receiver, where the antennas may be arranged
for achieving spatial diversity. directional beamforming or for attain-
ing both diversity and beamforming. For example. one of the two
main design objectives of MIMOs is that of maximising the achiev-
able multiplexing gain by creating several unique subchannels by us-
ing multiple antenna elements, which can be differentiated with the
aid of their unique antenna-specific CIRs. Alternatively, MIMOs may
be designed for exploiting the independent fading of the antenna el-



Space Division Mul-
tiplexing (SDM) Sys-
tems [10]

SDM systems also employ multiple antennas, but in contrast to SDMA arrangements, not for the sake of
supporting multiple users. Instead, they aim for increasing the throughput of a wireless system in terms
of the number of bits per symbol that can be transmitted by a given user in a given bandwidth at a given
integrity.

Space Division Multi-

SDMA exploits the unique, user-specific “’spatial signature” of the individual users for differentiating

STTC [12]) [1] and
Space-Time Spreading
(STS) [4]

ple Access (SDMA) [9] | amongst them. This allows the system to support multiple users within the same frequency band and/or
time slot.

Spatial Diver- | In contrast to the \/2-spaced phased array elements, in spatial diversity schemes, such as space-time block

sity (STBC  [11], | ortrellis codes [1] the multiple antennas are positioned as far apart as possible, so that the transmitted signals

of the different antennas experience independent fading, resulting in the maximum achievable diversity gain.

Beamforming [7]

Typically \/2-spaced antenna elements are used for the sake of creating a spatially selective transmit-
ter/receiver beam. Smart antennas using beamforming have been employed for mitigating the effects of

cochannel interfering signals and for providing beamforming gain.

Table 1: The four main applications of MIMOs in wireless communications
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Figure 2: The capacity of the MIMO uncorrelated Rayleigh-fading
channel and AWGN channel for classic two-dimensional 16QAM
(M = 16, D = 2) and for so-called four-dimensional orthogonal
signalling (M = 32, D = 4), when using N = N, = 2 transmit
and receive antennas: Ng & Hanzo. [13].

ements, where it is unlikely for several antenna elements to simulta-
neously experience a high attenuation. This independent fading phe-
nomenon typically results in a beneficial diversity gain. Naturally.
the achievable performance improvements of MIMOs are a function
of the antenna spacing and that of the algorithms invoked for pro-
cessing the signals received by the antenna elements, which will be
exemplified during our further discourse in the context of the four
main MIMO types summarised in Table 1. As an example, in Fig-
ure 2 N; = N, = 2 antennas were used and both so-called classic
16QAM and more unorthodox, but higher-capacity four-dimensional
signalling was used [13] for the sake of quantifying their maximum
achievable performance benefits. The MIMO schemes of Table 1
were designed for achieving various design goals. The Spatial Di-
vision Multiplexing [10. 14] (SDM) schemes aim for maximising the
attainable multiplexing gain, i.e. the throughput of a given user. By
contrast, Space Division Multiple Access (SDMA) arrangements [9]
maximise the number of users supported. Alternatively, attaining the
maximum possible diversity gain is the objective of the plethora of
space-time block coding [11] as well as space-time trellis coding [12]
schemes found in the literature [1]. Finally, beamforming mitigates
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the effects of interfering users roaming in the vicinity of the desired
user [7], provided that they are angularly separable.

Here we continue our discourse by providing a succinct example
of the above-mentioned four MIMO subclasses of Table 1 and briefly
characterise their attainable performance in Figures 3 - 6. More specif-
ically, in Figure 3 the BER versus SNR performance of the sphere-
decoding aided and MIMO-assisted SDM OFDM receiver of Chap-
ter 10 is characterised. which exhibits a near-Maximum Likelihood
(ML) performance at a relatively low complexity in high-throughput
scenarios using Ny = N, = 6 transmit and receive antennas and
64QAM. The rank-deficient scenario - namely when we have more
transmit antennas than receive antennas - using N;x/N.=6x4 16QAM
MIMO-OFDM also performs adequately. when the OFDM subcarri-
ers experience independent flat fading. The throughput of these sys-
tems is 36 and 24 bits/symbol, respectively. Remarkably. the 36-bit-
throughput 6x6-dimensional 64QAM system outperforms the 24-bit-
throughput 6x4-dimensional 16QAM system, as a benefit of using a
total of 6x6=36 antenna elements instead of 24, which provides a sub-
stantial diversity gain in addition to the SDM gain.

Let us now briefly consider Figure 4, where instead of the SDM
scheme of Figure 3 supporting a single user. an SDMA system allocat-
ing the increased throughput of the MIMO-OFDM system to several
users was characterised. A further attractive feature of this system is
that instead of the turbo channel codec of Figure 3. a sophisticated.
iteratively detected joint coding and modulation scheme was used,
which is referred to as Turbo Trellis Coded Modulation (TTCM) [1].
Finally. in contrast to the near-ML sphere-decoder of Figure 3 [14],
the Iterative Genetic Algorithm (IGA) aided Minimum Mean Squared
Error (MMSE) multiuser detector was employed. Hence we termed
this system as the TTCM-MMSE-IGA-SDMA-OFDM arrangement.
The novel IGA-aided technique employed the novel Biased Q-function
Based Mutation (BQM) technique proposed in [15] for the sake of
approaching the performance of the ML detector at the cost of a sub-
stantially lower complexity. Observe in the figure that both perfect
and imperfect channel estimation scenarios were considered and that
the number of users was L= 6 - 8, while the number of SDMA re-
ceiver antenna elements was P=6. Similarly to the SDM system of
Figure 3, this SDMA arrangement is also capable of operating in high-
throughput rank-deficient scenarios.

Having considered both the SDM and SDMA systems of Table 1,
let us now briefly exemplify a cutting-edge transmit diversity scheme
in Figure 5. Explicitly, Alamouti’s STBC scheme was further de-
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Figure 3: BER versus SNR performance of the sphere-decoding aided
and MIMO-assisted SDM OFDM receiver of Chapter 10 (©Akhtman
& Hanzo in [14], which exhibits a near-Maximum Likelihood (ML)
performance and a relatively low complexity in high-throughput sce-
narios using N N, = 6 transmit and receive antennas and
64QAM as well as for the rank-deficient scenario using N;xN,=6x4
16QAM MIMO-OFDM. The OFDM subcarriers experience indepen-
dent flat fading. The throughput is 36 and 24 bits/symbol, respec-
tively.

veloped by jointly. rather than separately desiging the two transmit
antenna’s and two timeslots’ signals with the aid of Sphere Packing
(SP) modulation using iterative detection, as detailed in [16, 17]. It is
worth noting. however that channel estimation is an extremely com-
plex process in the context of MIMOs. since in the example of Fig-
ure 3 a total of 36 channels has to be estimated. In order to circum-
vent this problem. in [18] the philosophy of differentially encoded
STS (DSTS) was proposed. In this context it was also discussed that
the mapping of the bits to the SP modulation scheme is highly in-
fluential in terms of determining the overall system performance and
that the classic Gray mapping is often outperformed by various map-
pers. which do not abey the Gar-mapping rules and hence are termed
as Anti-Gray Mapping (AGM) schemes. Finally. observe in Figure 5
that the employment of a unity-rate precoder [18] has the potential of
substantially improving the iteratrively decoded system’s attainable
performance.

The fourth dominant member of the family of MIMOs summarised
in Table 1 is constituted by beamforming. In Figure 6 a novel iterative
detection aided beamformer is characterised. This scheme is more
radical than the classic MMSE beamformer weight adjustment tech-
nique, since it directly minimises the BER, rather than the MMSE.
as detailed in [20, 21, 22, 23. 24, 25, 26] in the context of various
wireless systems. Observe in Figure 6 that as the number of detection
iterations is increased, the BER performance approaches that of the
single-user scenario, despite operating in the highly demanding rank-
deficient scenario of supporting six users with the aid of two antenna
elements, where all channels are assumed to be non-dispersive and
independently fading. More explicitly. this poweful system is capable
of supporting a three times higher user load than the number of an-
tenna elements. while the conventional rule of thumb is that only as
many users may be supported as the number of receiver antennas.

Let us now briefly summarise our previous discussions, before
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Figure 4. BER versus E,/No performance comparison of the
TTCM-assisted MMSE-IGA-SDMA-OFDM system using BQM,
while employing a 4QAM scheme for transmission over the SWATM
channel. where L=6,7, 8 users are supported with the aid of P=6
receiver antenna elements, respectively. The simulation parameters
used are given in Table 2 (©Jiang & Hanzo of [15].

proceeding further. Following decades of waveform design efforts.
BbB AQAM multi-carrier transceivers using various MIMO techniques
have reached a state of maturity and are likely to find their way into
the tool-box of the next-generation wireless communications enabling
techniques. In the rest of this light-hearted overview we will focus
our attention on an attractive subclass of beamforming aided CDMA
systems using specifically designed interference-immune spreading
sequences. in order to characterise the total network-layer benefits of
the physical-layer performance improvements reported.

2. LOOSELY SYNCHRONISED SPREADING SEQUENCES

In our previous research [7]. we quantified the UTRA FDD system’s
performance using both adaptive beamforming and adaptive modu-
lation. The system employed OVSF spreading codes. which offer
the benefit of perfect orthogonality in an ideal channel. Hence in a
non-dispersive channel. all intracell users’ signals are perfectly or-
thogonal. However. upon propagating through a dispersive multipath
channel this orthogonality is eroded. hence all other users will inter-
fere with the desired user’s signal. Therefore in practice the intra-cell
interference is always non-zero. when using OVSF codes for trans-
mission over dispersive channels.

The above-mentioned erosion of code orthogonality may be mit-
igated with the aid of Loosely Synchronized (LS) spreading codes [4,
28.29.30). These codes exhibit a so-called Interference Free Window
(IFW). where the off-peak aperiodic autocorrelation values as well as
the aperiodic cross-correlation values become zero. resulting in zero
ISI and zero MALL provided that the delayed asynchronous transmis-
sions arrive within the code’s IFW. More specifically, interference-

Table 2: Arrival angles of the users’ signals
user k | 1 2 3 4 5
O | 15°  —4° 36° —24° 68°

6
—48°
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Figure 5: Near-capacity performance of an Anti-Gray Mapping
(AGM) based convolutional-coded Differential Space-Time Spread
& Sphere-Packed (DSTS-SP) schemes in conjuction with L = 16-
ary SP modulation, while using no precoding together with the sys-
tem employing a unitary-rate precoder and Gray Mapping (GM),
while using an interleaver length of D = 1,000,000 bits, / = 10
iterations(©) El-Hajjar. Alamri, Ng & Hanzo [19].
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Figure 6: BER performance of the iterative MBER beamforming re-
ceiver of (©Tan. Chen & Hanzo [27] using a two-element antenna
array for supporting i’ = 6 users having the angles of arrival listed in
Table 2 and experiencing uncorrelated Rayleigh fading for all chan-
nels.

free CDMA communications become possible even without a mul-
tiuser detector, when the total time offset expressed in terms of the
number of chip intervals, which is the sum of the time-offset of the
mobiles plus the maximum channel-induced delay spread is within
the code’s IFW [31]. By employing this specific family of codes, we
are capable of reducing both the ISI and the MALI, since users in the
same cell do not interference with each other, as a benefit of the IFW
provided by the LS codes used.

There exists a specific family of LS codes [32], which exhibits
an IFW, where both the auto-correlation and cross-correlation of the
codes become zero. Specifically, LS codes exploit the properties of
the so-called orthogonal complementary sets [32]. An example of the
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| Parameter | Value |
Cell radius 78 m
Signal bandwidth 5 MHz
Modulation scheme 4QAM/QPSK
Spreading factor 16
Max BS MS TX power 17 dBm
Min BS MS TX power -44 dBm
Pedestrian speed 3 mph
Target SINR 6.2dB

Table 3: Simulation parameters.

OVSF Coes

O OVSF codes no BIF

A OVSF codes 2-element BIY
O OVSF codes 4-element BFF
O LS codes no BF
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Figure 7: Forced termination probability versus mean carried traffic
of the UTRA-like TDD cellular network using LS codes and OVSF
codes both with as well as without beamforming in conjunction with
shadowing having a frequency of 0.5 Hz and a standard deviation of
3dB for a spreading factor of SF=16 (©Ni, Wei & Hanzo [35]

design of LS spreading codes can be found in [33]. In these investiga-
tions the cell-radius was set to 78 m, which was the maximum afford-
able cell radius for the IFW duration of %1 chip intervals at a chip
rate of 3.84 Mchip/s. Alternatively, the adaptive timing advance con-
trol has to maintain a maximum delay difference of one chip-duration,
so that the interfering components arrive within this IFW. The mobiles
were roaming freely. at a pedestrian speed of 3mph. in random direc-
tions, selected at the start of the simulation from a uniform distribu-
tion, within the infinite simulation area of 49 wrapped-around traffic
cells [7]. Furthermore, the post-despreading Signal to Interference
plus Noise Ratios (SINRs) required for obtaining the target Bit Error
Rates (BERs) were determined with the aid of physical-layer simula-
tions using a 4QAM modulation scheme, in conjunction with 1/2-rate
turbo coding for transmission over a COST 207 seven-path Bad Urban
(BU) channel [34]. Using this turbo-coded transceiver and LS codes
having a SF of 16, the post-despreading SINR required for maintain-
ing the target BER of 1 x 1072 was 6.2 dB. The BER, which was
deemed to correspond to low-quality communications was stipulated
at 5 x 1073, This BER was exceeded for SINRs falling below 5.2
dB. Furthermore, a low-quality outage was declared, when the BER
of 1 x 10™2 was exceeded, which was encountered for SINRs below
4.8 dB. These values can be seen along with the other system param-
eters in Table 3. All other experimental conditions were identical to
those in [7].
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Figure 8: Forced termination probability versus mean carried traffic
of the UTRA-like FDD cellular network using LS codes and OVSF
codes both with as well as without beamforming in conjunction with
shadowing having a frequency of 0.5 Hz and a standard deviation of
3dB for a spreading factor of SF=16 (©Ni. Wei & Hanzo [35]

3. FDD VERSUS TDD NETWORK PERFORMANCE UNING
LS CODESJ35]

The BER performance of OVSF codes and LS codes was compared [29].
which was determined with the aid of physical-layer simulations us-
ing a 4-QAM modulation scheme. 1/2-rate turbo coding and a Mini-
mum Mean Squared Error Block Decision Feedback Equalizer (MMSE-
BDFE) based Multi-User Detector (MUD) for transmission over a
COST 207 seven-path Bad Urban channel. The achievable BER per-
formance of LS codes is better than that of OVSF codes. For a spread-
ing factor of 16. the post-despreading SINR required for maintaining
aBER of 1 x 1072 was 6.2 dB in case of LS codes. which is almost
2 dB lower than that necessitated by the OVSF codes. Figure 7 shows
the UTRA-like TDD/CDMA system’s forced termination probabil-
ity associated with a variety of traffic loads quantified in terms of
the mean normalized carried traffic expressed in Erlangs/km?/MHz.
when subjected to 0.5 Hz frequency shadowing having a standard de-
viation of 3 dB. As observed in the figure. nearly an order of magni-
tude reduction of the forced termination probability has been achieved
by employing LS spreading codes compared to those of using OVSF
spreading codes. In conjunction with OVSF codes, the “No beam-
forming™ scenario suffered from the highest forced termination prob-
ability of the four traffic scenarios characterized in the figure at a given
load. Specifically. the network capacity was limited to 50 users. or to
a teletraffic density of approximately 0.55 Erlangs/km?/MHz. With
the advent of employing 4-element adaptive antenna arrays [7] at the
base stations the number of users supported by the TDD system in-
creased to 178 users, or to a teletraffic density of 2.03 Erlangs / km?
/ MHz. However. in conjunction with LS codes. and even without
employing antenna arrays at the base stations, the TDD system was
capable of supporting 306 users, or an equivalent traffic density of
3.45 Erlangs/km?/MHz.

Figure 8 portrays the UTRA-like FDD/CDMA system’s forced
termination probability versus various traffic loads. The figure il-
lustrates that the network’s performance was significantly improved
by using LS codes. As observed in the figure, nearly an order of
magnitude forced termination probability (Prr) reduction has been
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achieved by employing LS codes compared to the scenario using OVSF
codes. Specifically, the network capacity was limited to 152 users, or
to a teletraffic load of approximately 2.65 Erlangs/km?/MHz. With
the advent of employing four-element adaptive antenna arrays [7] at
the base stations the number of users supported by the network in-
creased to 428 users. or almost to 7.23 Erlangs/km?/MHz. However,
in conjunction with LS codes, and even without employing antenna
arrays at the base stations the network capacity was dramatically in-
creased to 581 users. or 10.10 Erlangs / km? / MHz. When the four-
element adaptive antenna array was employed in the LS code aided
scenario. the system was capable of supporting 800 users, which cor-
responded to a teletraffic load of 13.39 Erlang/km?/MHz. This is be-
cause the LS codes” auto-correlation and cross-correlation functions
exhibit an IFW. which essentially eliminated the intra-cell interfer-
ence.

4. SUMMARY AND CONCLUSIONS

A brief historical portrayal of the evolution of waveform design for
wireless communications was provided. This was followed by a rudi-
mentary overview of the four most prevalent MIMOs summarised in
Table 1. each of which was exemplified and briefly characterised in
Figures 3 - 6. Finally. as a complete system design study. the network
performance of a UTRA-like system employing LS spreading codes
was shown to be substantially better than that of the system using
OVSF codes. In the context of the interference limited 3G CDMA
system LS codes might hold the promise of an increased network
capacity without dramatic changes of the 3G standards. However,
LS codes exhibit two impediments. Firstly, the number of spreading
codes exhibiting a certain IFW is limited and hence under high user-
loads the system may become code-limited. rather than interference-
limited. The number of LS codes may be increased using the pro-
cedure proposed in [36]. but further research is required for increas-
ing the number of codes. A particularly attractive solution is to in-
voke both DS-CDMA time-domain (TD) and frequency-domain (FD)
spreading [37] to multiple carriers in MC-CDMA. This can be achieved
for example using LS and OVSF codes in the TD and FD. respec-
tively. Then no multiuser detection (MUD) is required in the TD and
the MUD employed in the FD has a low complexity owing to using
an OVSF code having a low SF. The total number of users supported
becomes the product of the number of LS and OVSF codes.

The second deficiency of LS codes is that they tend to exhibit a
short IFW duration. However, this deficiency is also eliminated with
the aid of the above-mentioned joint TD and FD spreading regime.
because upon spreading the information to multiple carriers the TD
chip-duration may be commensurately extended by a factor corre-
sponding to the number of carriers.
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