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The conventional cellular architecture will remain an integral part of next-
generation wireless systems, providing high-speed packet data services
directly to mobile users and also backhaul service for local area networks. In
this paper, we present several proposals addressing the challenges associated
with the critical design issues for the next-generation cellular wireless
physical layer. These proposals include an orthogonal frequency division
multiplexed (OFDM) or multicarrier code division multiple access (MC-CDMA)
air interface for wide channel bandwidths, considerations for resource
allocation, multiple antenna techniques, a hybrid duplexing technique
combining the benefits of time division and frequency division duplexing,
and coordinated networks for reducing intercell interference and increasing
overall spectral efficiency. © 2005 Lucent Technologies Inc.

rates and throughput using a combination of wider

channel bandwidths and increased spectral efficiency.

These higher data rates will be required to support

new applications such as video unicast and broadcast.

Minimizing physical layer latency is also an impor-

tant requirement, from the point of view of optimiz-

ing performance at higher layers (as is well known,

Transmission Control Protocol [TCP] performance is

adversely affected by large round-trip delays). In this

paper, we present several proposals for the physical

layer design of a next-generation wireless network,

including the air interface design, resource allocation,

multiple antenna techniques, duplexing method, and

network coordination.

While this paper is focused on the physical layer

design, we briefly describe the higher layer design to

provide context. We envision that the access network

of next-generation systems will be based on a

Introduction
Third-generation (3G) wireless cellular networks

efficiently provide circuit voice services and packet

data services in bandwidths up to 5 MHz. Now that

3G networks are being successfully deployed, the

focus and context of wireless research is shifting to

the next generation of wireless networks. These next-

generation wireless systems are expected to deliver a

wide variety of high data rate services with packet-

based access and variable data rates, as opposed to

constant rate, circuit-based services, for 3G voice

users. While alternative architectures such as local

area, ad-hoc, or relay networks are expected to be

components of this system, the conventional cellular

architecture will remain an integral part, providing

high-speed packet data services directly to mobile

users and also backhaul service for local area net-

works. These cellular networks must support an

order-of-magnitude increase compared to 3G in peak
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distributed radio network architecture in which radio

resource management and mobility management

functions are performed at the base stations without

any centralized node with radio-related functional-

ity. This is in contrast to 3G network architectures

where a single, central, radio network controller per-

forms most radio resource management functions for

a large number of base stations. Furthermore, the ar-

chitecture would be all-IP in the sense that IP traffic

will be terminated directly at the base stations that

have IP routing and mobile-IP foreign agent func-

tionality. Quality of service requirements in the

network will be based on IP, for example, using

Differentiated Services (DiffServ). Data transport and

control signaling will be separated within the network

with control signaling implemented through an IP-

based call state control function defined as a part of

the IP Multimedia Subsystem (IMS) architecture.

With IP traffic terminated at the base stations, the

physical and link layers of the backhaul link could be

arbitrary, so with sufficient bandwidth, Asynchronous

Transfer Mode (ATM), T1/E1, Ethernet, Optical, or

Gigabit Ethernet could carry the traffic. 

Current 3G cellular system air interfaces are based

on code division multiple access (CDMA). Compared

to narrowband multiple access techniques based on

frequency division multiple access (FDMA) or time

division multiple access (TDMA), CDMA provides

high system spectral efficiency for voice services due

to the benefits of interference averaging and fre-

quency diversity. In the downlink of 3G packet data

systems such as CDMA2000* 1xEV-DO, signals are

modulated using CDMA. However, each base station

transmits to only a single data user at a time, and

service to multiple users is time multiplexed. The

1xEV-DO system operates in 1.25 MHz bandwidth

and can provide peak data rates in excess of 2 Mb/s.

At this bandwidth, the frequency selectivity of the

channel causes minimal to moderate self-interference

among the CDMA codes due to time-dispersive mul-

tipath fading. Furthermore, the intersymbol interfer-

ence (ISI) is likewise manageable. The receiver can

effectively mitigate both effects using a rake receiver

or a relatively simple equalizer. Next-generation sys-

tems will provide higher peak rates, obtained by

higher bandwidths and spectral efficiency. In higher

bandwidths, the self-interference can be quite severe,

and the sophisticated CDMA equalizers needed to

mitigate it could become prohibitively complex.

In the “Air Interface” section, we present two air

interface options that address these complexity issues

while still providing high spectral efficiency and

Panel 1. Abbreviations, Acronyms, and Terms

1xEV-DO—CDMA2000* evolution–data
optimized

3G—Third generation
802.16—The IEEE standard for wireless

metropolitan networks, also known as
WiMAX, WirelessMAN, and WMAN

ATM—Asynchronous transfer mode
BLAST—Bell Labs Layered Space-Time
CCT—Coherently coordinated transmission
CDMA—Code division multiple access
CSI—Channel state information
DiffServ—Differentiated Services
DPC—Dirty paper coding
FDD—Frequency division duplexing
FDMA—Frequency division multiple access
FFT—Fast Fourier transform
GPS—Global Positioning System
HSDPA—High-speed downlink packet access
IEEE—Institute of Electrical and Electronics

Engineers
IFFT—Inverse FFT
IMS—IP Multimedia Subsystem
IP—Internet Protocol
ISI—Intersymbol interference
MC-CDMA—Multicarrier CDMA
MRC—Maximal ratio combining
OFDM—Orthogonal frequency division

multiplexed/multiplexing
SBT—Single-base transmission
SDMA—Spatial division multiple access
SINR—Signal-to-interference-plus-noise ratio
SNR—Signal-to-noise ratio
TCP—Transmission Control Protocol
TDD—Time division duplexing
TDMA—Time division multiple access
UMTS*—Universal Mobile

Telecommunications System
WiMAX—An implementation of the IEEE

802.16 standard
ZF—Zero forcing
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robustness against channel impairments in very high

bandwidths. These options are multicarrier CDMA

(MC-CDMA) and orthogonal frequency division mul-

tiplexing (OFDM). We discuss the benefits and trade-

offs of these two options and highlight key design

parameters. Both of these air interfaces divide the total

available bandwidth into multiple subchannel re-

sources that can be transmitted in parallel within each

cell. Resource allocation of these subchannels to users

and cells becomes an important issue when trying to

improve spectral efficiency and mitigate intercell in-

terference. In the “Resource Allocation” section, we

introduce a taxonomy of options for resource alloca-

tion and discuss the benefits and tradeoffs associated

with each. Multiple antennas will be an essential com-

ponent of next-generation systems for improving spec-

tral efficiency. In the “Multiple Antenna Techniques”

section, we present a survey of various multiple an-

tenna techniques and discuss the most suitable op-

tions. A fundamental design choice of any two-way

wireless communication system is the duplexing tech-

nique for separating the uplink and downlink trans-

missions. The “Duplexing” section describes a novel

technique for duplexing called band switching, which

aims to combine the benefits of both frequency and

time division duplexing while avoiding their respective

drawbacks. This technique allows base stations to

measure channels on the uplink and to use this chan-

nel state information on the downlink for beamform-

ing, scheduling, or more sophisticated transmission

via network coordination. Motivated by the demand

for more spectrally efficient networks beyond what

can be attained by air interface choices and conven-

tional link-level multiple antenna techniques, there

has been interest in understanding and enhancing the

performance of multicell networks by allowing coop-

eration and coordination among base stations across

the network. The “Network Coordination” section dis-

cusses two options for network coordination. In the

final section of the paper, we conclude by synthesizing

the options presented in the previous sections and by

offering possible system configurations for near-,

medium-, and long-term deployment scenarios.

Our goal in this paper is to discuss underlying

system-level design issues and to present a qualitative

overview of potential system evolution options.

Quantitative comparisons are outside the scope of this

paper. While some detailed performance results can

be found in references, further quantitative work

should be done to provide a full understanding of the

relative merits and tradeoffs. Furthermore, we are not

interested in comparing merits of specific implemen-

tations. Nevertheless, we hope the high-level insights

and enhancements presented here can be applied to

present CDMA-based systems such as 1xEV-DO and

UMTS* HSDPA and to near-term OFDM proposals

such as WiMax and 802.16.

Air Interface
An air interface for next-generation cellular sys-

tems is expected to meet requirements supporting

data rates and system throughputs that are an order of

magnitude higher than those in existing 3G systems.

Burst rates in the 10–100 Mb/s range for cellular de-

ployments are envisioned. Support for low-latency

services and applications is also important. The range

of desired data rates will probably require a channel

bandwidth in the 10–20 MHz range. As mentioned

earlier, the dominant impairment on such a channel

is likely to be the self-interference caused by resolv-

able multipath, at least in pedestrian or moderate-

speed vehicular environments. Arguably, these are

the environments where the higher data rates are

likely to be used.

The two promising options for the next-

generation air interface are both based on the princi-

ple of dividing the channel bandwidth into multiple

parallel subchannels. In the first option, MC-CDMA,

each subchannel is modulated using CDMA spreading

sequences in the time domain. (We note that the MC-

CDMA system described here should not be confused

with an alternative system with frequency-domain

spreading, which sometimes goes by the same name.)

The second option, OFDM, divides the bandwidth into

much narrower subchannels (sometimes called sub-

carriers or tones), and each is modulated directly by

the information-bearing symbols. In the following

subsections, we describe the motivation, parameter

design, benefits, and tradeoffs of these two air inter-

face options.
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MC-CDMA
The current 3G packet data system based on the

1xEV-DO standard uses CDMA modulation and op-

erates in a 1.25 MHz with a chip timing of 1.2288 � 106

chips per second. We propose that the MC-CDMA air

interface consists of multiple parallel 1.25 MHz sub-

channels using the same chip and symbol timing as

the 1xEV-DO system. By basing the MC-CDMA sys-

tem on the legacy system, migration to the next gen-

eration for the product developer is greatly simplified

since much of the hardware, including radios and

chip-level baseband processing, can be reused with

relatively minor modifications. In 1xEV-DO, multi-

path interference on the downlink due to intercode

interference is most effectively mitigated using a rel-

atively simple equalizer. Similar robustness to multi-

path fading could be retained in an MC-CDMA system

by using receivers of similar complexity in each sub-

channel. In general, the system complexity would

scale approximately linearly with the number of

subchannels.

In a 20 MHz total channel bandwidth, after ac-

counting for necessary guard bands, it would be pos-

sible to accommodate 12 or more subchannels of

1.25 MHz bandwidth. The bandwidth of the guard

bands can be reduced to the point where intercarrier

interference is about the same level as the worst-case

intercell interference. Under the assumption of uni-

versal frequency reuse (see Section 3), the intercell

interference could be quite high so that the guard

band can be quite narrow. Therefore the subchannel

packing can be correspondingly aggressive.

Depending on the resource allocation technique

(see the “Resource Allocation” section), one could

transmit on any number of subchannels, and we

would want to perform channel coding across the

multiple subchannels in order to benefit from the fre-

quency diversity offered in such a wide bandwidth.

Coding across subchannels has the additional benefit

of reducing the frame period on the order of the num-

ber of subchannels coded over, allowing for much

lower latencies. Alternatively, one could encode

independently within each subchannel. In this case,

the baseband processing would be greatly simplified

because one could simply implement multiple parallel

1xEV-DO receivers followed by a multiplexer, but this

option does not take advantage of frequency diver-

sity as effectively. For channel estimation at the re-

ceiver, pilot signals should be multiplexed on each

subchannel.

An MC-CDMA approach could also be applied to

a UMTS CDMA system by concatenating multiple

5 MHz channels. Because of the wider bandwidth,

there is more frequency diversity in each subchan-

nel; however, the tradeoff is a more complex equalizer

to mitigate the multipath interference. In general, an

MC-CDMA air interface could be implemented in a

similar fashion for the uplink. For a given subchannel,

spreading codes could be assigned to the same user

or to different users. In the latter case, even when

there is no delay spread, because of the timing re-

quirements, it would be practically impossible to

maintain orthogonality among codes received by the

base.

OFDM
In OFDM, a large number of orthogonal narrow-

band subchannels (also known as subcarriers in the

context of OFDM) are transmitted in parallel. In order

to achieve very compact spectral utilization, there is

some overlap between spectra of adjacent subchan-

nels, but signals are modulated so that the spectrum

nulls and peaks are properly aligned to minimize in-

terference [12]. The structure of OFDM effectively ad-

dresses both the frequency selectivity and ISI caused

by multipath fading in high bandwidths. For the

former, because each subchannel operates over a nar-

row bandwidth, frequency selectivity in any sub-

channel is essentially nonexistent. For the latter,

modulating at a very low symbol rate on each sub-

channel makes the symbols much longer than the

channel impulse response, thereby diminishing the

ISI. Using powerful error-correcting codes together

with time and frequency interleaving yields even

more robustness against frequency selective fading,

and the insertion of an extra guard interval between

consecutive OFDM symbols can further reduce the

effects of ISI. Therefore, OFDM is well-suited to han-

dle multiple impairments with reasonable complexity.

An additional advantage of OFDM over CDMA is that
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on the uplink, it allows the possibility of orthogonal-

ization of users without requiring time division

multiplexing. Furthermore, the modulation and de-

modulation for the multiple subchannels can be effi-

ciently implemented using inverse fast Fourier and

fast Fourier transforms (IFFT and FFT), respectively.

Previously, a major problem of OFDM was in design-

ing amplifiers to address the peak-to-average power

problem. Many proposals have been made for ad-

dressing this problem with minimal loss of efficiency

(see, e.g., [14]).

Here, for the purpose of illustration, we propose a

skeletal OFDM design for the downlink of a next-

generation cellular system that is designed for high-

speed packet data services in a 20 MHz channel (the

parameters can be scaled appropriately for use with

other bandwidths). This design utilizes 810 OFDM

subcarriers spaced 20 kHz apart, for an approximate

channel bandwidth of 16.2 MHz, thus permitting a

carrier spacing of 20 MHz. A 1024-point IFFT, with a

sampling rate of 20.48 MHz, is used at the transmitter

to modulate the subcarriers efficiently. A cyclic prefix

of 176 samples is added to each 1024-sample IFFT

output, and the resulting OFDM symbol is subjected

to a 22-sample raised-cosine windowing operation for

spectral shaping. These parameters provide immunity

to delay spreads of up to 154 samples, or about

7.5 microseconds, with less than 1 dB overhead. With

a subchannel spacing of 20 kHz, Doppler spreads up to

200 Hz should be tolerable (this corresponds to a ve-

hicular speed of about 100 km/h at 2 GHz). Channel

estimation at the receiver is facilitated by pilot symbols

spread across the band.

On the uplink, a similar design can be used, ex-

cept that a larger guard interval may be needed in

each OFDM symbol to accommodate the largest dif-

ferential path delay expected between users in the

same cell. This results in a larger overhead in order to

maintain user orthogonality. Alternatively, each user

could adjust the timing of its uplink transmissions to

compensate for the path delay to the intended base,

thereby reducing the required guard interval dura-

tion (this would require the transmission of a refer-

ence timing signal on the downlink). Naturally, larger

cells would require longer guard intervals (on both

uplink and downlink), so it would be useful to make

the duration of the guard interval flexible in order to

accommodate a wide range of deployments.

In comparing MC-CDMA with OFDM, the gran-

ularity of the subchannels for OFDM is much finer

(20 kHz versus 1.25 MHz). So, in general, OFDM is

more robust than MC-CDMA to delay spread because

the symbol period in OFDM is much longer than the

chip period for MC-CDMA. The dual statement would

be that MC-CDMA is more robust than OFDM to

doppler spread because the subchannel spacing in

MC-CDMA is much wider than that of OFDM.

However, this dual statement would apply if there

was only a single spreading code within a MC-CDMA

channel. Because the MC-CDMA channel in general

consists of multiple spreading codes, the code orthog-

onality is not maintained when there is substantial

doppler spread. Consequently, if MC-CDMA uses

multiple spreading codes per channel, then MC-

CDMA and OFDM would have comparable robust-

ness against doppler spread. In terms of receiver

complexity, the CDMA equalizer would typically be

more complex than the OFDM receiver for a given

bandwidth.

Resource Allocation
Downlink transmission in 3G systems is typically

done in unicast mode where each base station trans-

mits independent information to separate users either

to one user at a time or to multiple users simultane-

ously over multiplexed subchannels. We expect that

unicast will remain an important transmission mode

for next-generation systems, but we also expect

broadcasting to become an important mode where all

bases synchronously transmit identical information

to all users in the network. For both transmission

modes, in a multicell environment the challenge is to

allocate subchannel resources in an efficient manner

so that intercell interference effects are minimized. In

this section we discuss the different resource alloca-

tion options shown in Figure 1 and their relative

merits, first for unicast and then for broadcast. In gen-

eral, the discussion can be applied to either OFDM or

MC-CDMA since, in the context of resource alloca-

tion, the main difference in the subchannel resources
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is the subchannel bandwidth and the number of sub-

channels per total transmit bandwidth.

In the first class of options, all base stations trans-

mit power on all subchannels, meaning that univer-

sal frequency reuse is employed. Frequency reuse will

not be required with proper design of link layer rates,

and thus no frequency planning at the time of de-

ployment is required. This approach is similar to the

approach in the 1xEV-DO system where all CDMA

codes are always used in every cell. Interference

power from surrounding cells is received by mobiles

without significant fluctuation across code blocks. The

base station can optimally assign different mobiles to

different subchannels depending on the channel con-

ditions. Traditional opportunistic scheduling can be

extended to the frequency dimension as well for this

class of options. Variable rate transmission is achieved

using adaptive coding and modulation; for very low

coding rates, symbol repetition can be used. Since all

subchannels are used to signal to mobiles, significant

frequency diversity gains can be obtained. Within this

class, the two options A and B correspond respectively

to equal and unequal power assignment on the sub-

channels. Option B may be more difficult to imple-

ment since it requires knowledge of the subchannel

conditions at the transmitter. However, by matching

the powers to subchannel conditions, optimal power

allocation can be achieved through waterfilling tech-

niques. In low signal-to-noise ratio (SNR) conditions,

the performance benefits of waterfilling are signifi-

cant compared to equal power allocation. However,

the performance difference diminishes with increasing

SNR.

In contrast to the above two options, the remain-

ing approaches involve using only some of the sub-

channels in a given cell. In Option C, subchannels of a

given carrier are statically divided among different ad-

jacent cells. This method is essentially equivalent to

traditional fixed frequency reuse. Thus, it involves fre-

quency planning and the interference is somewhat

fixed. Because of its rigid nature of resource allocation

across cells, this method does not exploit variations in

Option D
Slow hopping

Option E
Fast hopping 

Option F
Centralized

Option G
Distributed 

Dynamic
channel allocation

Random
hopping

Option B
Unequal power

Option A
Equal power

Option C
Static assignment 

Dynamic
assignment

Power on all subchannels
(Universal reuse)

Power restricted to a
few subchannels

Resource allocation
across cells

Figure 1.
Taxonomy of resource allocation options for multicell OFDM.
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traffic patterns across cells and thus can be no better

than the schemes that use dynamic (time-varying) as-

signments. The dynamic subchannel assignment can

be accomplished through either random frequency

hopping or coordinated dynamic allocation [4].

Under random hopping, subchannel assignment

is done independently in each cell and is changed over

time using random sequences. Thus, no frequency

planning is required in this case. Frequency hopping

provides frequency diversity and interference averag-

ing. In slow frequency hopping (Option D), the sub-

channel assignment is fixed over the duration of an

entire channel code block that spans multiple symbols,

while in fast hopping (Option E) frequency hopping is

done within a code block from symbol to symbol. The

main difference between slow hopping and fast hop-

ping occurs when the bandwidth occupied by a chan-

nel code block is too small to achieve frequency

diversity. In this case, with slow hopping, there may be

insufficient interference averaging within the code

block. Consequently, there may be significant inter-

ference fluctuation across code blocks making it diffi-

cult to do adaptive modulation. As a result, fast

hopping would be preferred when the bandwidth is

not large (e.g., in a low data rate OFDM transmission).

We note that the performance of random hopping can

be improved through retransmission (e.g., in the form

of incremental redundancy).

As a more sophisticated alternative to random

hopping, tones can be dynamically assigned across

cells in a coordinated manner by taking into account

the specific terminals and their path loss from the dif-

ferent base stations from which transmission is sched-

uled (Option F). This results in optimum management

of out-of-cell interference and maximizes through-

put. However, the implementation requires exchange

of messages between base stations and the radio net-

work controller at a very fine time scale and thus may

not be practical in the near term. An alternative is to

achieve partial coordination in a distributed manner

(Option G). This could be achieved, for example,

through feedback from the mobile, providing infor-

mation on its measured signal strength of signals from

base stations in its local vicinity. Another approach is

a hybrid of fixed frequency planning and hopping, in

which base stations start using tones that are disjoint

and as traffic grows they start using additional tones

that are reserved for neighboring base stations. Such

a scheme avoids interference at low traffic conditions

and will require frequency planning.

When evaluating the options presented above in

the design of next-generation systems, one of the

main objectives is deployment flexibility. In fact, the

base stations should be able to autonomously config-

ure themselves. Thus, it is logical to ignore options

that involve frequency planning, and we reject

Options C and G from further consideration. Next,

consider that Option F involves intercell coordination.

It is likely that intercell coordination does not become

practical in the near future because of the complexity

involved in the coordination process in a mobile en-

vironment. Furthermore, we lose scalability or have

to restrict the amount of coordination. Thus, we ex-

clude Option F from further consideration in the re-

mainder of this section. However, in the “Network

Coordination” section, we assume a longer term per-

spective and consider network coordination as an op-

tion. We are thus left with the options of random tone

hopping (Options D and E) or spreading the power

across all the tones (Options A and B).

On the uplink, we choose tone hopping over

transmitting across all tones for two reasons. First,

since mobiles have limited power, it is more spectrally

efficient to transmit over a narrower bandwidth for a

given power. Second, the effects of interference are

less when tone hopping is used to average the inter-

ference. On the downlink, the option where each base

transmits power across all the tones is preferred. This

can potentially exploit frequency diversity better than

frequency hopping because of coherent combining

across carriers (as opposed to achieving frequency

diversity through coding in the frequency hopping

case) for low rate transmissions or through optimum

assignment of users to tones. Furthermore, with fre-

quency reuse, the relative gains obtained from im-

proved signal-to-interference-plus-noise ratio (SINR)

characteristics on the downlink do not overcome its

inherent spectral inefficiency [1]. This observation pro-

vides additional motivation for universal frequency

reuse.
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The preceding discussion in this section was in

the context of unicast transmission. For broadcast

transmissions, the mobile would combine the signals

from all bases within range to maximize diversity. One

could restrict transmission to only a subset of sub-

channels per base, but since interference is not an

issue in broadcasting, any modest advantage obtained

from frequency diversity is outweighed by its ineffi-

cient spectral untilization. Therefore, each base should

transmit power on all subchannels, and because the

subchannel characteristics to each mobile will be dif-

ferent, the logical choice for broadcast applications is

Option A and transmitting with equal power on all

subchannels. Because a mobile combines signals from

multiple bases, timing differences among them will

lead to intercell interference, which degrades the

SINR. Interference can be reduced by increasing guard

times between symbols, but doing so increases the

signaling overhead. One can optimize the signaling

overhead in order to maximize the resulting SINR for

an OFDM system or an MC-CDMA system with

receiver equalizers.

Multiple Antenna Techniques
Multiple antennas at the transmitter and/or at the

receiver can be used in a variety of ways to improve

the link and system performance of wireless systems.

The various techniques, also known as multiple-input

multiple-output, or MIMO, techniques, can be

broadly classified based on the number of antennas at

the transmitter and receiver, and they can be applied

in most cases to either uplink or downlink transmis-

sion. As we did for resource allocation, we present a

brief survey of various multiple antenna techniques

before deciding on the best options for our next-

generation cellular system.

As a baseline, we consider a single point-to-point

link with a single transmit antenna and single receive

antenna where the channel is known at the receiver.

In contrast to the baseline, suppose we use N � 1 re-

ceive antennas and we assume that the channels to

each antenna are independently fading and known

at the receiver. Then maximal ratio combining (MRC)

of the received signal improves the link performance

and provides diversity gain N and an average

combining gain “N. By diversity gain N,” assuming an

ergodic channel, we mean that, for fixed N, the prob-

ability of error averaged over the fading at high SNR

is proportional to the SNR raised to the power �N.

This is because the transmitted signal arrives at the

receiver through N independently fading channels.

By “combining gain N,” we mean that the average

SNR after combining is increased by a factor of N com-

pared to the baseline. For indoor receivers, multiple

antennas can be used to counteract in-building pen-

etration losses. In a system context where multiple

transmitters are present, more sophisticated optimum

combining [19] can be used to mitigate the interfering

transmissions.

We now consider options when there is a single

receive antenna but multiple (M � 1) transmit an-

tennas. In this case, there are two broad options. The

first is transmit diversity whereby the same informa-

tion is transmitted from different antennas using

space-time coding. If the transmit power is fixed with

respect to the single antenna baseline, then transmit

diversity via space-time coding potentially provides

diversity gain M when the channel is not known at

the transmitter [2]. In wideband transmissions that

already experience frequency diversity, the marginal

benefit due to transmit diversity may provide only

minimal link performance improvement. If power in-

formation is known at the transmitter (in other

words, if the received powers of the transmit antennas

are known by the transmitter), then selection transmit

diversity can be used to transmit a single stream using

the antenna that is received with the highest instan-

taneous SNR. Otherwise, if coherent channel realiza-

tions are known at the transmitter (e.g., through the

duplexing technique described in the “Duplexing” sec-

tion), ideal coherent weighting can be performed at

the transmitter, and an average combining gain of M

and diversity gain M can be achieved, similar to the

MRC case.

Whereas transmit diversity improves the link per-

formance for a single user, the second broad option,

spatial division multiple access (SDMA) [13],

improves the overall system throughput by transmit-

ting simultaneously to multiple users over separate

spatial channels. Note that SDMA provides capacity
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gains even with single-antenna mobiles. With M an-

tennas, up to M separate spatial channels (with vary-

ing degrees of mutual interference) can be formed to

M distinct receivers. These spatial channels can be

fixed (in the form of beamforming or through physi-

cal antenna backplanes) or can be dynamically

adapted to individual users. Dynamically adapted

beams can be formed using implicit channel estimates

obtained from uplink transmissions [15] or using ex-

plicit channel knowledge obtained through feedback

or appropriate duplexing (see the “Duplexing” sec-

tion). For dynamically adapted beams, it is also possi-

ble to place spatial nulls in the directions of interferers.

Sectorization can also be considered as a form of

SDMA, and it is probably the simplest way to get sig-

nificant system throughput improvements with mul-

tiple transmit antennas since it does not require

coherent channel knowledge at the transmitter.

Recently, a sophisticated SDMA technique using

beamforming and a sphere detection algorithm has

been proposed in [8], which reports impressive ca-

pacity performance for a system with a multiple an-

tenna transmitter and many single-antenna receivers.

This technique requires coherent channel knowledge

at the transmitter and offers a potentially practical

way to implement the closely related coherent coor-

dinated transmission techniques discussed in the

“Network Coordination” section.

While higher data rates can be achieved by in-

creasing bandwidth, the need for higher spectral effi-

ciency necessitates exploring other techniques. When

multiple antennas are available at both the transmit-

ter and receiver, a general technique, known as Bell

Labs Layered Space-Time (BLAST) transmission [6],

can be an effective means of spatial multiplexing for

improving the spectral efficiency, and thereby in-

creasing the peak rate, of point-to-point links. It is

well known, for example, that, with M transmit an-

tennas and M receive antennas, the average gain in

capacity compared to the single-antenna baseline is

proportional to M. In practical implementations with

finite signaling constellations, it is most efficient to

use single-stream transmit diversity techniques at

lower SNRs and to reserve BLAST transmission for

higher SNRs [9]. Therefore, the techniques discussed

in this paper for increasing the SNR (e.g., multiple

receive antennas, resource allocation, and network

coordination) can be thought of as increasing overall

spectral efficiency by enabling the use of BLAST

techniques.

The three classes of multiple antenna transmis-

sion techniques (transmit diversity, SDMA, and spatial

multiplexing) in general can be used together in any

combination. For example, with four transmit anten-

nas, one could achieve both diversity and spatial mul-

tiplexing gain by transmitting to a single user two

independent data streams, each of which is encoded

with Alamouti space-time block coding across two an-

tennas [11]. A rigorous treatment of the tradeoffs be-

tween diversity and spatial multiplexing gains is

developed in [16]. If these four antennas had physical

backplanes to limit their transmission within a sector,

then 4 additional antennas transmitting in a similar

manner could be used to serve users in another sector.

In this way SDMA can be achieved on top of transmit

diversity and spatial multiplexing using a total of eight

antennas.

Based on the discussions in previous sections, the

characteristics of a next-generation cellular system in-

clude wide channel bandwidth, downlink universal

frequency reuse, and uplink frequency hopping.

These design choices will impact the multiple antenna

design choices. Because of the frequency diversity

achieved from the wide channel bandwidth, transmit

diversity in general will not provide much link per-

formance improvement. For near-term deployments

where mobile terminals will most likely have only

one or two antennas, the BLAST transmission oppor-

tunity should be carefully evaluated because univer-

sal frequency reuse would preclude high SNRs over

much of the cell area. If each mobile had more an-

tennas, BLAST transmission could be used over a

larger fraction of the cell. On the uplink, it is possible

for BLAST to be used especially if the mobile is close

enough to the base, if enough power is concentrated

in a sufficiently small subchannel, and if the hopping

patterns create favorable interference averaging.

In general, SDMA is a very efficient way to increase

the overall system throughput, since it can be imple-

mented with single-antenna terminals. Assuming a
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uniform distribution of users throughout a cell, sec-

torization is a simple and effective SDMA technique.

We recommend that the multiple antenna strategy to

be used first on both the uplink and downlink is sec-

torization and that the cell be divided into the maxi-

mum number of sectors determined by the following

two factors. First, the angular width of the sector must

be larger than the angle spread of the channel; other-

wise, there would be unacceptable interference from

adjacent sectors. Second, because the physical size of

the antenna increases with decreasing sector size, there

are physical and aesthetic constraints on the number of

sectors per cell. Accounting for both these issues, it is

reasonable to expect support for six sectors per cell. If

multiple antennas are available within each of these

sectors, dynamic beamforming could be used for both

uplink and downlink. If the mobile has only one or

two antennas, we recommend MRC as the downlink

receiver technique and single-stream transmission for

the uplink. When the mobile has many more antennas

and also a sufficiently high SNR, BLAST is a strong can-

didate for both uplink and downlink.

Duplexing
Traditionally, the decision on how to partition the

communication between uplink and downlink is

between two options: either frequency division

duplexing (FDD) or time division duplexing (TDD).

Each contending option has accepted advantages as

well as clear drawbacks. Spectrum allocation, per-

formed by national and international agencies and

mostly beyond the control of equipment manufac-

turers, is a highly political issue. However, the alloca-

tion of spectrum strongly conditions the duplexing

choice because, if unpaired spectrum is allocated, FDD

cannot be used. Although unpaired spectrum is easier

to find, the historical tendency is to assign paired spec-

trum for wide-area systems, in which case both

options are viable.

In FDD, uplink and downlink are orthogonal in

frequency, provided there is sufficient separation

between the corresponding blocks. In TDD, temporal

orthogonality requires synchronized uplink and

downlink switch patterns plus guard times to account

for propagation delays. Since such orthogonality is

essential in wide-area systems to prevent catastrophic

interfer, given the availability of low-cost Global

Positioning System (GPS) technology. In wide-area

systems, the additional guard times are on the order of

100–200 �s, which imposes a lower value of about

2 ms for the duplex time in order to keep the over-

head below 10%. Furthermore, this guard time

should be large enough so that the power transients

from transmissions do not affect the receiver process-

ing on the following frame.

For low to moderate Doppler speeds, link reci-

procity is usually regarded as the most attractive fea-

ture of TDD. As a result of reciprocity, sophisticated

transmit processing schemes that necessitate instan-

taneous channel information become feasible. The

lack of reciprocity in FDD, in turn, makes these

schemes dependent on relaying channel state infor-

mation (CSI) through feedback, which tends to incur

unacceptable delays if conventional transmission tech-

niques are employed.

A drawback of TDD comes from the periodic in-

terruptions in the links, which are active only for half

of the duty cycle. One of the central goals in the design

of future-generation systems is to achieve a large re-

duction in latency. With discontinuous links, no mes-

sage (not even a 1-bit acknowledgement) can be

relayed back with a delay inferior to the duplex time.

This implies that the time taken by a basic roundtrip at

the physical layer level cannot go below a few

milliseconds and thus the aggregate delay experienced

by a packet running through a scheduler and subject

to ARQ can easily be on the order of 10 ms. This la-

tency propagates through the protocol stack posing

serious problems to the upper layers and causing

bottlenecks.

We propose to go beyond the paradigm of using ei-

ther FDD or TDD by proposing a new duplexing

scheme called band switching that blends the best

characteristics of each [1]. Given paired spectrum

blocks, instead of reserving a block for uplink and the

other for downlink, we alternate their use every T sec,

as depicted in Figure 2. With this scheme, reciprocity

is achieved as the channel can be estimated in each

band when it is used for uplink and then exploited

when it is used for downlink. However, both links are
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always active except during guard times, which are

still required to account for propagation delays and

power transients. Therefore, the chief features of both

FDD and TDD are seized. Synchronicity and guard

times are still needed, as in TDD. Note that band

switching is both TDD and FDD. It is TDD because

every unit of bandwidth is used, alternatively, half of

the time for uplink and half of the time for downlink;

it is FDD because, at every point in time, half the spec-

trum is used for uplink and half for downlink.

In either TDD or band switching, synchronization

is required to prevent interference, for example, when

a base station is listening for uplink transmissions but

receives an unsynchronized downlink transmission

from a nearby base. Mobiles can synchronize to base

stations by tracking pilot signals transmitted by the

base stations. Furthermore, base stations can syn-

chronize to each other either over the backhaul net-

work or by monitoring transmissions from mobiles

(or base stations) that are in range but transmitting to

another base station. When such mobiles (or base sta-

tions) are not present, synchronization is not required.

Preliminary experiments with synchronization look

promising, but further detailed study is still required.

To summarize the previous sections, we have

proposed a system architecture with the following

components:

• Either an MC-CDMA or an OFDM air interface,

• Centralized packet scheduling within each cell on

both uplink and downlink with random hopping

on the uplink to mitigate out-of-cell interference

and full bandwidth transmission on the downlink,

• Multiple antenna techniques for SDMA and/or

spatial multiplexing, and

• Band-switching duplexing.

These techniques target the data rate and latency de-

mands expected in the near term. However, when

further improvements are required, one promising

avenue for investigation is network coordination,

which we address in the following section.

Network Coordination
While we rejected the possibility of network co-

ordination for resource allocation in the “Multiple

Antenna Techniques” section, we did so out of con-

cern that the complexity required to communicate in-

formation among base stations could be prohibitive

for the short term. However, if we take a longer term

perspective in which such communication becomes

possible, then so does network coordination. We con-

sider two forms of network coordination in this sec-

tion. First, under the assumption that fast cell selection

is used instead of soft handoff and that channel state

information is not known at base stations, intercell

interference can be reduced by coordinating the trans-

mission times of the bases. For example, for a user at

the cell edge, the intercell interference experienced

can be reduced by restricting transmission from an ad-

jacent base, resulting in a higher throughput. Second,

if coherent channel state information is known at the

base via TDD or band switching, then the antennas

across multiple bases can act as a network antenna

array. The signal for a given user would be transmitted

from multiple antennas, and each would be weighted

in such a way as to mitigate interference caused to

other users. This significantly improves the SINR dis-

tribution, bringing us into the realm where BLAST

techniques provide large gains. These concepts are ad-

vanced techniques, and they are independent of the

air interface (OFDM or MC-CDMA).

Network Coordination for Interference Avoidance
By coordinating the channel allocation or, equiv-

alently, the base station transmission times across the

network for a given channel, interference can be re-

duced and the overall network throughput can be in-

creased. For a user near its desired base, the received

signal is often noise limited (i.e., the signal is limited by

Up

T

Frequency

Down

DownUp

Figure 2.
Band-switching duplexing.
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thermal noise as opposed to intercell interference);

therefore, turning off transmissions from adjacent

bases will not affect the performance significantly. On

the other hand, for a user near the cell edge, the re-

ceived signal from its desired base may not be much

stronger than the signal from an adjacent base. (Due to

fast fading, the desired base’s signal may in fact

be weaker.) In this case, the user’s throughput could

be improved significantly by turning off the adjacent

base. From a network perspective, this strategy is

desirable if the improved performance compensates

for the missed transmission opportunity by the adja-

cent base.

Ideally, coordination would include all interfer-

ing cells. However, the complexity of doing so could

be prohibitive since this would require each base (or

some centralized entity) to know the received power

by each mobile from all bases. As an alternative, co-

ordination could occur locally among a group of two

or three bases, reducing the complexity but still pro-

viding the bulk of the gains since the one or two most

strongly interfering bases are typically much stronger

than the remaining interfering bases.

Preliminary results have shown that interference

avoidance through network coordination can improve

the system throughput significantly for interference

limited systems—i.e., for a network of densely packed,

small (less than 1 km radius) cells [5]. In addition, for

systems with constraints on minimum rate and max-

imum delay, there will be pressure to serve the user at

the cell edge more often in order to meet these con-

straints, and interference avoidance can again poten-

tially provide significant performance improvements.

Network Coordination Using Coherent Channel
State Information

Instead of just knowledge of power levels received

by the users, if the bases had knowledge of the co-

herent channel state information to each user from all

bases that reach it, then the antennas across multiple

bases could act as a single network antenna array. The

signal for a given user would be transmitted from

multiple antennas, and each would be weighted in

such a way as to mitigate interference caused to other

users. This technique of transmitting simultaneously

to users with all base stations in a network is moti-

vated by fundamental downlink performance limits

of multicell networks. In the context of information

theory, the system of interest can be modeled as a

multiple antenna Gaussian broadcast channel whose

capacity region can be achieved using coherently co-

ordinated transmission combined with a sophisticated

coding technique known as dirty paper coding (DPC)

[18]. The value of coherently coordinated transmis-

sion (CCT) over conventional transmission techniques

has been investigated using asymptotic analysis in

[10] and numerical simulations in [3 and 7]. We will

see that these techniques offer substantial capacity

gains even with single-antenna mobiles.

We consider a system model similar to the one in

[7] and consisting of a hexagonal network of cells

with a single base antenna in the center of each cell

with single-antenna users placed randomly in the net-

work. In the baseline system, which is called single-

base transmission (SBT), each active base transmits

to a uniquely assigned user. The assignment is made

so that, for each user, its SINR is maximized over all

other choices of bases, under the assumption that all

bases transmit with full power. Pathloss, Rayleigh fad-

ing, and shadowing are considered when measuring

the SINR, and the users with the worst 10% SINR are

considered outages and discarded from the system.

The bases for these discarded users are inactive,

and the remaining active bases transmit with full

power. The rate achieved by each user is given by its

Shannon capacity as a function of its SINR. Apart

from the assignment of 10% of the users to outage,

nothing is done to mitigate intercell interference for

those users that are served. The operation of the SBT

baseline is similar to exisiting packet data systems

such as 1xEV-DO.

Two CCT techniques are considered using the

same placement of users obtained from SBT. The first

is based on zero forcing (ZF) where the transmissions

for the users are coherently weighted such that each

user experiences no interference from any other user.

The second uses a combination of ZF and DPC. In the

interest of fairness, the proposed CCT techniques

transmit to all users not in outage with equal rate,

and power control is used to maximize this common
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rate. (In contrast to SBT where 10% of the bases are

inactive, all bases for the CCT techniques are active.)

We assume perfect channel knowledge at all bases for

both CCT techniques.

Figure 3 shows the cumulative distribution func-

tion of the throughput per base for SBT, CCT-ZF, and

CCT-DPC systems. (The CCT-DPC curve is a lower

bound on the optimal CCT-DPC performance because,

for example, not all possible encoding orders for the

users were considered.) The mean throughputs of these

systems are 3.23, 5.11, and 7.01 bits per second per

base for SBT, CCT-ZF, and CCT-DPC, respectively. The

gains of CCT-ZF and CCT-DPC over SBT are 1.58 and

2.17, respectively. The performance gains are even

more impressive when considering outage capacity.

The minimum value of each curve corresponds to a

10% user outage, and the throughputs at these points

are 0.637, 3.30, and 6.14 bits per second per base for

SBT, CCT-ZF, and CCT-DPC, respectively. The gains of

CCT-ZF and CCT-DPC over SBT for outage capacity are

5.18 and 9.64, respectively. Note that these numerical

results have assumed a single antenna per receiver.

If instead multiple antennas are available at the re-

ceivers (assuming there are sufficient transmit anten-

nas in the network), then we could use spatial

multiplexing techniques, taking advantage of the im-

proved SINR distribution from network coordination

and providing much greater spectral efficiency.

On the uplink for a single-cell system, the capacity-

achieving technique is for all users (assumed to have a

single antenna) to transmit over the entire bandwidth

and to rely on multiuser detection consisting of a min-

imum mean-squared error linear front end followed by

successive interference cancellation [17]. Generalizing

to the multicell system, the optimum receiver would

require coordinated detection among all the bases in

the network using the same minimum mean-squared

error detector with successive interference cancella-

tion. This technique is therefore the dual of DPC used

for the downlink.

Network coordination on either the uplink or

downlink requires that all bases have knowledge of all

channel realizations between all users and all bases.

Furthermore, the processing required for DPC and

multiuser detection needs to be done at a centralized

location. On the downlink, one implementation

would be to convey all channel estimates via a high-

speed backhaul network to a central processor. The

coding for DPC and antenna weights could be com-

puted and then conveyed to all the bases. Likewise

on the uplink, the baseband received signals from all

bases could be conveyed to a central processor where

the detection is performed. To simplify the imple-

mentation, coordination could be performed over

overlapping clusters of cells (as determined by the

pathloss exponent) instead of over the entire network.

We emphasize that the delay and bandwidth require-

ments on the backhaul for implementing network co-

ordination are considerable and need to be quantified.

Conclusions
We have presented an overview of technology

options for the physical layer design of next-genera-

tion cellular networks to provide high-speed packet-

based services. We summarize the findings in Table I
by listing three different system configurations that

depend on time of deployment and complexity
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Cumulative distribution function of the throughput
base for SBT, CCT-ZF, and CCT-DPC systems.
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constraints. For near-term deployment and with min-

imal complexity, an MC-CDMA air interface could be

used with random hopping on the uplink and uni-

versal reuse on the downlink. The duplexing could

be based on the legacy system (either TDD or FDD).

Assuming insufficient antennas for BLAST, multiple

antennas should be used for SDMA and MRC. A more

ambitious mid-term deployment requiring more com-

plexity would use an OFDM air interface and band-

switching duplexing. Coherent channel estimates at

the base station transmitter could be used for more

sophisticated multiple antenna transmissions (e.g.,

dynamic beamforming), and BLAST could also be

used if there are sufficient receive antennas to signif-

icantly improve spectral efficiency. Finally, as part of

a long-term proposal, coherent channel estimates

could be used for network coordination on the down-

link, and network-wide successive interference can-

cellation could be used on the uplink.

We conclude by noting that this paper has focused

on physical layer design, but the design is by no

means complete because it has not addressed higher

layer issues to a large extent. In order to design next-

generation systems for optimizing end-to-end user

experiences, it is essential that a more thorough

design consider cross-layer interactions from the

physical layer all the way up to the application layer.

Topics to consider include channel coding, medium

access control design, scheduling, dynamic network

optimization, backhaul design, interaction of the

cellular network with other networks, and base sta-

tion and radio access network architectures.
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