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Abstract—Diversity exploitation is a proven efficient means
for addressing detrimental effects of wireless channel fadings.
User channelization, where the frequency and time resources
are structured into several user channels, can substantially help
to capture the diversity, but it has not been well investigated. In
this paper, we develop theoretical formulation of optimal resource
structures under different performance metrics and then analyze
them in frequency-selective time-varying channels. We propose
a simplified system model which maintains the main features,
and based on which, we develop a new practical approach of
user channelization or user resource structuring which captures
better diversity for OFDMA systems in multiuser time-varying
frequency-selective fading channels. In contrast to the existing
user resource structures where relative locations of the resources
in the time-frequency grid remain the same throughout the
transmission frame, the proposed resource structures evolve
within the frame to enjoy better diversity gain. Example designs
of the proposed evolving structures are presented from the
3GPP LTE perspective. Simulations done under LTE system
environments validate that the proposed practical approach can
obtain a near-optimal structure design, and provide significant
performance advantage over the existing structures at the mobile
speeds ranging from 3 km/h to 350 km/h.
Index Terms—Channelization, diversity, OFDMA, resource
structure, time-varying channel.

I. I NTRODUCTION

S

UPPORTING larger data rates at higher mobile speeds
has been among the main technical challenges of every
new generation mobile communication systems. The IMTAdvanced (a.k.a. 4G) systems plan to support 1 Gbps at low
mobile speeds and 100 Mbps at high mobile speeds [1] as
compared to 2 Mbps or 348 kbps for the IMT-2000 (3G)
requirements. The mobile speed range of 4G is up to 350 km/h,
which is much higher than that of 3G counterpart. The challenge is much more significant when the applications impose
a stringent delay constraint. Efficient diversity exploitation is
crucial in addressing this challenge. Depending on the transmission scheme, diversity capturing mechanism could vary.
As orthogonal frequency division multiple access (OFDMA)
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is adopted in several next-generation standards, e.g., 3GPP
Long Term Evolution (LTE) [2], 3GPP LTE-Advanced [3],
Mobile WiMAX [4], this paper focuses on efficient diversity
exploitation in multiuser time-varying OFDMA systems.
There exist several forms of diversity to exploit and this
paper deals with frequency, multiuser, and time diversities.
The existing literature on frequency diversity exploitation in
OFDMA includes bit-interleaved coded modulation (BICM)
[5], precoding with subcarrier selection [6], block spreading
[7], and subcarriers and bit allocation [8], [9]. The multiuser
diversity exploitation is addressed by resource allocation (e.g.,
[10]–[15]) or scheduling (e.g., [16], [17]) according to the
channel state information (CSI) of the users. While exploiting
frequency diversity may not require CSI, exploiting multiuser
diversity does require CSI knowledge. In the latter case,
typically each user estimates CSI and feedback to the base
station (BS). For frequency-selective channels, the corresponding overhead for full CSI feedback may not be affordable,
and hence several limited feedback schemes (e.g., [18]–[21])
have been proposed. However, in fast time-varying channels,
outdated CSI knowledge would degrade the diversity gains
[22][23], and in particular, if the CSI feedback rate is much
slower than necessary, the subcarriers assigned to a user may
all be in deep fade at the later part of the transmission frame.
On the other hand, more frequent CSI updates come with
the cost of increased overhead and energy, which may not
be practical for the advanced cellular systems. This leads to a
tradeoff between the CSI-based diversity and mobility [24].
User channelization (or user resource structure in the frequency and time domain) does affect the diversity exploitability, but using it as a tool to enhance diversity in multiuser
time-varying frequency-selective fading channels has not been
considered in the literature. Here, user channelization (user
resource structure) should not be confused with resource
allocation or scheduling. Scheduling decides which users
are allowed to transmit, while resource allocation assigns
resource to the scheduled users. Both resource allocation and
scheduling can be performed on a per-tone basis, but the
required signaling overhead to inform users of which tones are
allocated to what users is too large for the per-tone approach.
In addition, the effects of inter-carrier interference (ICI) (e.g.,
due to carrier frequency offset) among different users can
be more detrimental in the per-tone approach. Furthermore,
channel gains are highly correlated over adjacent tones. Hence,
in practice, resource allocation is more efficiently done based
on larger resource block than single tones. User channelization
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corresponds to how to construct these resource blocks (user
resource structures or sub-channels).
The existing diversity exploitation techniques try to capture
diversities constrained under the existing user channelization
schemes. There are mainly two types of user resource structures, namely the interleaved-type (a.k.a distributed type in
LTE) and the band-type (a.k.a. localized type in LTE). The
subcarrier locations of a user channel1 in the first type are
spread out over the entire OFDMA band, hence interleaving
with those of other user channels. Those in the second type
are adjacently located, forming a band.2 The interleaved-type
resource structure provides frequency diversity and robustness
against deep fades but cannot capture significant gain brought
in by the multiuser diversity. The band-type resource structure
gives significant multiuser diversity gain but it may be severely
affected by deep fades at later part of the transmission frame in
fast time-varying channels. The main source for the limitations
of the existing resource structures is that they are each
designed to exploit only one type of diversity and the channel
time-variations within the transmission frame are not taken
into consideration.
The contributions of this paper are as follows:
1) New concept for technical advancement
We propose a new paradigm namely user resource
structure design for diversity enhancement. It reveals the
limitations of the existing resource structures, enhances
the capturable diversity of a user channel, and releases
an additional dimension for system optimization.
2) New theoretical development
a) We introduce theoretical formulations of user channelization using bit error rate (BER) of repetition
code and outage probability, which unveil main
characteristics of optimal resource structures.
b) According to the main characteristics of optimal
resource structures, we propose a simplified system
model for designing user resource structures.
c) We present a BER performance analysis under
the simplified system model, which leads to the
practical resource structure design approach.
3) New practical design procedures/algorithms
Based on the analysis under the simplified system
model, we propose a practical resource structure design
procedure and also a simplified version of the resource
structure design, which is more practical. The simulation
illustrates that the proposed resource structure design
and its simplified version can both improve the SNR
performance significantly in LTE system environment
and obtain a close-to-optimal performance. Additionally,
it is validated that the proposed resource structures are
not so sensitive to the mismatches in diversity order and
mobile speed.
The paper is organized as follows. The system and channel
models are introduced in Section II. The theoretical framework
1 A user channel here represents a minimum resource to be allocated to
a user. More than one user channels may be allocated to a particular user
depending on its data rate requirement.
2 In a more general setup, the subcarrier locations of a user channel may be
shifted from symbol to symbol in a systematic way but their relative locations
in each OFDM symbol follow the same principle of interleaved or band type.
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of proposed approach for diversity enhancement is presented
in Section III, which includes the rationale and theoretical
formulation of the user channelization and BER performance
in a proposed simplified system model. The practical resource
structure design and its simplified design are proposed in
Section IV. In Section V, simulations validate the advantage
of the proposed resource structure over the existing structures.
Finally, conclusions are provided in Section VI.
II. S YSTEM M ODEL
We consider a multiuser OFDMA system in a timevarying frequency-selective fading channel. We assume that
CSI knowledge of all users is available at the BS but it is
outdated by 𝜇 OFDM symbol delay. CSI could be obtained in
several ways. In frequency division duplexing (FDD) systems,
an explicit channel can be used to feedback the channel
estimates from the users. In time division duplexing (TDD)
systems, the BS can estimate CSI directly from the received
uplink (UL) signals or obtain CSI from the feedback of the
users. On the other hand, at the receiver side we assume the
CSI knowledge is perfect3 (could be obtained from downlink
(DL) pilots).
A. Channel Model
As next-generation systems aim to offer reliable services in
a wide range of mobile speeds, the channel gain may vary
substantially within the transmission frame4 . We assume that
the channel gains remain static within one OFDM symbol,
but may vary from one symbol to another. This assumption is
reasonable, since even at 350 km/h in LTE environments, the
OFDM symbol duration is still much less than the coherence
time. Let 𝐻[𝑖, 𝑛] denote the low-pass equivalent channel gain
on the 𝑖th subcarrier of the 𝑛th OFDM symbol. With welldefined joint probability density function (pdf) of {𝐻[𝑖, 𝑛]},
there is no limitation on the physical channel model for
the proposed approach to be applicable. In our theoretical formulation of the user channelization, the joint pdf of
{𝐻[𝑖, 𝑛]} is required to solve the design problem numerically,
or generation of {𝐻[𝑖, 𝑛]} is needed to solve it by simulation.
In our practical design, only channel correlation properties are
required.
For theoretical performance analysis and simulation, we
adopt a frequency-selective Rayleigh fading channel, for
which {𝐻[𝑖, 𝑛]} are jointly Gaussian with 𝐸[∣ℜ{𝐻[𝑖, 𝑛]}∣2] =
𝐸[∣ℑ{𝐻[𝑖, 𝑛]}∣2 ] = 𝜎ℎ2 , 𝐸[ℜ{𝐻[𝑖, 𝑛]}ℑ{𝐻[𝑙, 𝑚]}] = 0, and
𝐸[ℜ{𝐻[𝑖, 𝑚]}ℜ{𝐻[𝑖, 𝑚+𝑛]}] = 𝐸[ℑ{𝐻[𝑖, 𝑙]}ℑ{𝐻[𝑖, 𝑙+𝑛]}]
= 𝜌𝑖 [𝑛]𝜎ℎ2 , for all 𝑖, 𝑙, 𝑛, 𝑚. As we assume that the CSI
knowledge at the BS is outdated by 𝜇 symbols at the beginning of the transmission, 𝐻[𝑖, −𝜇] can be considered as
the CSI knowledge of the 𝑖th subcarrier at the BS. The
temporal correlation coefficient of the 𝑖th subcarrier channel
gain between the 𝑛th OFDM symbol and the corresponding
CSI knowledge is then given by 𝜌𝑖 [𝑛 + 𝜇]. A common model
of the channel temporal correlation is given by the classical
3 Our design is not limited to the system where CSI is perfectly known to
the receiver.
4 In LTE, a frame consists of both uplink and downlink sub-frames, but in
this paper a frame corresponds to either uplink or downlink subframe.
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Clark-Jakes’ model, which will be used in our theoretical
analysis and simulation. In the model, the channel coefficients
are samples of a stationary Gaussian process with a normalized
autocorrelation function given by 𝐽0 (2𝜋𝑓𝑚 𝜏 ), where 𝐽0 (𝑥) is
the zeroth-order Bessel function of the first kind, 𝜏 denotes
the time lag, and 𝑓𝑚 is the maximum Doppler frequency. Note
that in our practical design, 𝜌𝑖 [𝑛] can assume other model as
well.
For the considered Rayleigh fading channel, 𝐻[𝑖, 𝑛] can be
linked to the CSI knowledge at the BS, 𝐻[𝑖, −𝜇], as
𝐻[𝑖, 𝑛] = 𝜌𝑖 [𝑛 + 𝜇]𝐻[𝑖, −𝜇] + 𝑤[𝑖, 𝑛],

(1)

where 𝑤[𝑖, 𝑛] has a pdf of 𝒞𝒩 (0, (1 − 𝜌2𝑖 [𝑛 + 𝜇])2𝜎ℎ2 ) and
is independent of 𝐻[𝑖, −𝜇]. Note that 𝑤[𝑖, 𝑚] and 𝑤[𝑖, 𝑛] are
correlated to maintain the correlation between 𝐻[𝑖, 𝑚] and
𝐻[𝑖, 𝑛]. Given the CSI knowledge 𝐻[𝑖, −𝜇], the relationship
in (1) facilitates an easy computation of the pdf of the channel
power gain at the 𝑛th symbol, which will be used in the
Section III-B and III-C.
B. OFDMA Resource Blocks and User Channelization
As mentioned in Section I, designing user resource structure
(a.k.a. resource block (RB), user channel, or sub-channel)
or user channelization should not be confused with resource
allocation or scheduling. In practice, certain user resource
structure or channelization is constructed and resource allocation or scheduling is performed on the basis of the user
resource structure or sub-channel. A user may be allocated
with more than one sub-channels. This paper only concerns
with the design of user resource structure or channelization.
The existing resource allocation or scheduling algorithms can
be applied on top of the proposed resource structure.
The OFDMA system has 𝑈 RBs or subchannels with
𝑀 OFDM symbols per transmission frame. An example of
the packet structure with the band-type resource structure

is shown in Fig. 1 in order to illustrate several parameters
used. Here, we follow the terminology as used in LTE in
which when referring an RB physically (analogous to a
physical sub-channel) we call physical resource block (PRB).
However, because the size and structure of our proposed
evolving structure are different from those in LTE, we will
use evolving PRB (E-PRB) for the proposed structure. The
discrete Fourier transform (DFT) size is 𝑁 , and the number of
usable subcarriers is 𝑁used per OFDM symbol. Theoretically,
all tones can be used, but practical systems insert null guard
tones for easier filter implementation and spectral control. To
be general, we consider both scenarios of with and without
null guard tones5 . Then, for both systems with or without null
guard tones, we can have the number of subcarriers per subchannel 𝑁SC = 𝑁used /𝑈 .
For convenience of presenting our resource structure, we
introduce sub physical resource block (SPRB). Each PRB
is divided into several SPRBs in both time and frequency
domain. There are 𝑛B SPRBs per OFDM symbol. Each SPRB
spans over one OFDM symbol only, while each PRB (or EPRB) spans over 𝑀 symbols. There are 𝑁used /𝑛B consecutive
subcarriers per SPRB in one symbol, and 𝑊 = 𝑛B /𝑈 SPRBs
per symbol of each PRB (or E-PRB), i.e., 𝑀 𝑊 SPRBs per
PRB. Note that each SPRB should contain at least a few consecutive subcarriers rather than a single subcarrier to achieve
robustness against ICI. This also reduces the dimensionality
of the optimization space for the user channelization.
Let 𝑱 𝑘 represent an 𝑀 × 𝑊 matrix defining the 𝑘th
subchannel where the 𝑛th row denoted by 𝑱 𝑘 (𝑛, :) contains
the SPRB indexes for the 𝑛th OFDM symbol of the 𝑘th
subchannel. The user channelization or resource structure
design is equivalent to determining {𝑱 𝑘 : 𝑘 = 1, . . . , 𝑈 }
where 𝑱 𝑘 (𝑛, :) and 𝑱 𝑚 (𝑛, :) are disjoint for all 𝑛 and all
𝑘 ∕= 𝑚. The existing band-type channelization is given by
𝑱 𝑘 (𝑛, :) = [(𝑘 − 1)𝑊, (𝑘 − 1)𝑊 + 1, . . . , 𝑘𝑊 − 1],
𝑛 = 0, 1, . . . , 𝑀 − 1,

(2)

and the interleaved-type is defined by
𝑱 𝑘 (𝑛, :) =[(𝑘 − 1), 𝑘 − 1 + 𝑈, 𝑘 − 1 + 2𝑈, . . . , 𝑘 − 1
+ (𝑊 − 1)𝑈 ], 𝑛 = 0, 1, . . . , 𝑀 − 1.

(3)

In the above conventional structures, the subcarrier locations
of each PRB are fixed. In a more general setup, they can be
all shifted in a certain manner from symbol to symbol. In any
case, the relative positions of subcarriers of each PRB remain
the same across the symbols of a frame in these structures.
III. T HEORETICAL F RAMEWORK OF P ROPOSED
A PPROACH
A. Rationale and Overview of Proposed Approach
The main feature of the proposed approach is the shaping of
user resource structure to capture better diversities in multiuser
time-varying frequency-selective fading channels. The existing
resource structures focus on exploiting only one form of
diversity and do not consider the channel time-variations
5 We simply use null guard tones to represent any reserved tones at the
band edges.
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within the transmission frame. As a result, the relative locations of their resources within a user channel remain static
throughout the frame, limiting their ability to capture other
available diversities. By exploiting CSI knowledge of all users
in the resource allocation at the BS, multiuser diversity can
be captured via the band-type resource structure. When the
CSI knowledge becomes outdated (the actual channel gains
become uncorrelated with the CSI known to the BS) at a later
part of the frame, all subcarriers of the band-type structure are
susceptible to deep fading. On the other hand, the interleavedtype provides robustness to frequency-selective deep fades but
loses significant multiuser diversity gain. Note that in the
band-type case, the diversity gain comes from both multiuser
and channel frequency-selectivity with CSI knowledge, but it
will be referred to as multiuser diversity in order to distinguish
it from the frequency diversity achieved with the interleavedtype when there is no CSI knowledge. In order to overcome
the limitations of the existing fixed resource structures, we
propose the concept of an evolving resource structure in
order to capture best diversity gains in multiuser time-varying
frequency-selective fading channels.
In the rest of this section, we first develop theoretical
formulation of user resource structure design and study the
main characteristics of optimal resource structures. According
to these characteristics, we propose a simplified system model
and derive the BER performance of repetition code on this
model as the metric for the resource structure design.
B. Theoretical Formulation of User Channelization
As a subchannel is a minimum resource (for data channel) to
be allocated to a user, it is logical to assume that the bandwidth
of a subchannel, if all of its subcarriers are consecutively
located, is around the channel coherence bandwidth. A much
smaller subchannel bandwidth will require more signaling
overhead in resource allocation and will be more susceptible
to ICI, while a larger bandwidth will sacrifice CSI-based
diversity gain. We assume that CSI knowledge is available at
the beginning of the frame. As theoretical formulations of the
user channelization, we adopt BER of a repetition code and
outage probability at an average signal-to-noise ratio (SNR)
with the rate 𝑅𝑇 as our metrics. To illustrate the captured
diversity order, we adopt the repetition code with code rate of
1/𝑊 . Via designs under both metrics, main characteristics of
the optimal resource structure can be revealed.
The channelization should equally divides the bandwidth
into 𝑈 channels. Instead of designing for 𝑈 users at the
same time, we consider the case of only one user occupying
1/𝑈 of the whole bandwidth (designing 𝑱 1 ). Additionally, we
also introduce the constraint that the whole bandwidth can be
exactly covered by {𝑱 𝑘 , 𝑘 = 1, ⋅ ⋅ ⋅ , 𝑈 }, so that we can obtain
the rest 𝑈 − 1 channels by shifting or flipping and shifting 𝑱 1 .
Then we can formulate the optimal user channelization as

[
]

𝑱 1 (𝑛, :) = arg min 𝐸 퓜(𝑛, 𝑱¯ + 𝐼˜0 ){𝐻[𝑖, −𝜇]} ,
𝑱¯

𝑛 = 0, . . . , 𝑀 − 1,
(4)
(5)
s.t. 𝑱 𝑘 (𝑛, :) = 𝑱ˆ1 (𝑛, :) + 𝐷𝑘 (𝑛), 𝑘 = 1, . . . , 𝑈,
𝑱 𝑘 (𝑛, :) ∩ 𝑱 𝑚 (𝑛, :) = ∅, ∀𝑘 ∕= 𝑚, 𝑛 = 0, . . . , 𝑀 − 1,
(6)
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where 𝑱¯ represents any 𝑊 combination from {0, 1, . . . , 𝑛B −
1}, 𝑱ˆ1 (𝑛, :) is either 𝑱 1 (𝑛, :) or its laterally-flipped (mirrored)
version about its edge, and the expectation 𝐸[⋅] in (4) is over
{𝐻[𝑖, −𝜇]}. Here, 퓜(𝑛, 𝑱¯ + 𝐼˜0 ) is the selected metric, such
as BER of repetition code or outage probability at symbol 𝑛
for the subchannel with the SPRB indexes defined by 𝑱¯ + 𝐼˜0 .
And 𝐼˜0 is the first index of 𝐼˜ which is defined as

]
[
¯ {𝐻[𝑖, −𝜇]} .
𝐼˜ ≜ arg min 퓜(0, 𝑱)
(7)
𝑱¯

Note that the addition of 𝐼˜0 in (4) is just to make the SPRB
indexes for the other OFDM symbols to be with reference
to those for the first symbol. The reason is that due to the
diversity exploitation with the CSI knowledge, 𝐼˜ will vary
from one channel realization to another.
The constraints in (5) and (6) are set to fit the SPRB
indexes of 𝑈 subchannels within the available SPRB indexes
for each symbol without any overlapping and to have all
subchannels with the same or mirrored shape within the
transmission frame. {𝐷𝑘 (𝑛)} denote the shifts at each symbol
for other subchannels with respect to the first subchannel.
The inclusion of the mirrored version improves flexibility in
fitting SPRBs of all subchannels disjointly while optimizing
the performance metric. All the SPRB indexes throughout this
paper are implicitly assumed to be modulo 𝑛B .
If BER of repetition code with 1/𝑊 code rate and binary
phase shift keying (BPSK) is adopted, we have

퓜(𝑛, 𝑱¯{𝐻[𝑖, −𝜇]})
⎡ ⎛
⎤
⎞
√∑


= 𝐸 ⎣𝑄 ⎝
∣𝐻[𝑖, 𝑛]∣2 SNR⎠ {𝐻[𝑖, −𝜇]}⎦ , (8)

¯
𝑖∈𝑱

⎤
⎡ ⎛
⎞
√∑


𝐼˜ ≜ arg min 𝐸 ⎣𝑄 ⎝
∣𝐻[𝑖, 0]∣2 SNR⎠ {𝐻[𝑖, −𝜇]}⎦ .

𝑱¯
¯
𝑖∈𝑱

(9)

Here, the expectation 𝐸[⋅] in (8) is over {𝐻[𝑖, 𝑛]} and in (9)
is over {𝐻[𝑖, 0]}, both conditioned on {𝐻[𝑖, −𝜇]}, 𝑖 ∈ 𝑱¯.
Similarly, by the criterion of outage probability, the metric
can be formulated as

퓜(𝑛, 𝑱¯{𝐻[𝑖, −𝜇]})
⎡
⎤

∑

=𝑃⎣
log2 (1 + ∣𝐻[𝑖, 𝑛]∣2 SNR) < 𝑅𝑇 {𝐻[𝑖, −𝜇]}⎦ .
𝑖∈𝑱¯

(10)

In this case, 𝐼˜ in (7) is defined as (11). By substituting (10)
and (11) into (4), we can obtain the user channelization based
on the outage probability.
Neither the user resource structure designs based on metric
in (8) nor (10) lend a theoretical closed-form solution. But,
numerical or simulation based solution is feasible for OFDMA
systems with a small number of SPRBs. Fig. 2 shows the
optimal resource structures obtained from a simulation based
approach to (8) and (10) for OFDMA with 𝑁 = 𝑛B = 16,
𝑁SC = 1, 𝑊 = 4, and 𝑀 = 14, in a 4-tap Rayleigh fading
channel at the speed of 120 km/h and 350 km/h. Here, we take
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B - Band-type, M – Mixed-type, I – Interleaved-type, X axis is SPRB index, Y axis is channel temporal correlation coefficient

Fig. 2.

Optimal resource structures.

𝐼˜ ≜

{


]
[ ∑
0]} , ] 𝜇 = 0
arg min[𝑱¯∑− 𝑖∈𝑱¯ log2 (1 + ∣𝐻[𝑖, 0]∣2 SNR){𝐻[𝑖,

2

arg min𝑱¯ 𝑃
𝑖∈𝑱¯ log2 (1 + ∣𝐻[𝑖, 0]∣ SNR) < 𝑅𝑇 {𝐻[𝑖, −𝜇]} , 𝜇 > 0

𝜇 = 0 as an example and set SNR = 3 dB, 𝑅𝑇 = 2, symbol
duration 𝑇𝑠 = 71.36 𝜇𝑠, which is adopted by LTE [2]. The
channel temporal correlation coefficient (for a time interval
𝜏 ) is given by 𝐽0 (2𝜋𝑓𝑚 𝜏 ). The Y-axis in Fig. 2 represents
the channel temporal correlation coefficient for time intervals
of integral OFDM symbols in an increasing order. Since the
OFDM channel power gain is cyclic in frequency domain after
DFT processing, we shift the structure at every realization
to the third subchannel so that we can observe the structure
clearly. We observe that the structure in the first symbol is
of band-type. However, there are numerous ways to have 𝑈
band-type sub-channels (since the first subchannel can start
at any subcarrier index) and this imposes unnecessarily large
control overhead to inform users of the sub-channel format. A
practical solution is to use a fixed band-type sub-channel (i.e.,
the first subchannel starts at a fixed subcarrier index) in the
first symbol (hence overcoming the overhead issue), and fortunately based on our simulation (due to space limitation, the
figure is not included), incorporating this additional constraint
into (4) with (8) and (10) does not change the result.
Fig. 2 shows that the optimal structures coming from
different criteria are quite similar. The structures can be
roughly divided into three phases: Band-type at the beginning,
transition phase in the middle and finally interleaved-type.
Especially, in the second phase, some selected SPRBs still
keep as band-type and the other SPRBs move away from
the original subchannel, which can be taken as independent
from the original subchannel (this type is named mixed-type).
This gives us the idea about the pattern of the second phase.
In the last phase, since different interleaved-type structures
have almost the same statistics, we can uniformly apply one

(11)

of them to all symbols. Another important feature is that the
durations of each phase according to different metrics are very
similar, which means we can adopt one of them to design
a practical resource structure, e.g., BER of repetition code.
The comparisons of different structures developed under BER
and outage probability metrics at the speed of 120 km/h are
shown in Figs. 3 and 4, respectively. The above-mentioned
features of three phases and the durations are validated again.
Furthermore, to test the sensitivity of the structure design on
the diversity order mismatch, we also evaluate the optimal
designs for 3-tap and 5-tap channels in this 4-tap channel.
The results in Figs. 3 and 4 show that these two designs with
small diversity order mismatch still perform much better than
band-type and interleave-type structure, and give a similar
performance to the optimal design for 4-tap channel. This
reveals another characteristic that the structure design is not so
sensitive to the number of channel taps 𝐿 when 𝐿 fluctuates
in a small range.
The above theoretical formulation has following limitations:
∙
∙

no closed-form solution
numerical or simulation based solution can be obtained
only for systems with small dimensionality (small 𝑛B and
𝑊 ) due to high computational complexity.

However, its solution under down-scaled systems reveals important characteristics of optimal user resource structure:
∙
∙

The user resource structure is evolving within the frame
for moderate and fast time-varying channels
It can contain a maximum of three phases sequentially:
multiuser diversity exploitation phase using the band-type
structure, transition from multiuser to frequency diversity
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Fig. 3. BER comparison of repetition code in a 4-tap channel with SNR =
3 dB and 𝑇s = 71.36𝜇𝑠.

Fig. 4. Outage probability comparison in a 4-tap channel with SNR = 3 dB,
𝑇s = 71.36𝜇𝑠 and 𝑅𝑇 = 2.

exploitation using mixed-type structures, and frequency
diversity exploitation phase using the interleaved-type
∙ The durations of the above phases depend on the channel
correlation properties and the diversity order. Either of
the metrics can be used in practical design. And duration
is not very sensitive to small diversity order mismatch
between the actual channel and structure design
∙ Different metrics provide very similar patterns of resource structure and durations of each phase. This allows
us to adopt one of the metrics, such as BER of repetition
code, to design a practical resource structure.
For the systems with null-guard tones we obtain similar result
and the same features as we conclude above.
For systems with large dimensionality (large 𝑛B and 𝑊 ),
the above characteristics provide useful guidelines for the
resource structure design. First, it is an evolving structure
with a maximum of three phases. Second, the band-type in
the first phase and the interleaved-type in the third phase
will maintain the same trend for any system dimensionality.
However, the durations of the three phases and the mixed-type
structures in the transition phase may differ as the system
dimensionality varies (they are also affected by the channel
correlation properties and diversity order) and they are the
missing parts in the resource structure design for systems with
large dimensionality. In the following sub-sections, we first
verify the superiority of the evolving resource structure, and
then develop the missing design aspects theoretically under a
simplified system model.

channel power gain for simplicity. This simplified model
can be applied to design the structure in not only small
dimensionality cases but also large dimensionality cases.
In order to validate the advantage of the evolving resource
structure without any complication, we compare three resource
structures over the 𝑛th OFDM symbol. The first structure is the
interleaved-type with 𝑊 SPRBs, which are spread out across
the transmission band such that their channel gains can be considered as mutually independent, hence providing frequency
diversity. The second structure is the band type which exploits
multiuser diversity of order 𝑅 by allocating to the user its best
subchannel based on the CSI knowledge. In this structure, all
𝑊 SPRBs of the subchannel are consecutively located such
that their channel gains can be considered to be the same. The
third structure is a mixture of the first two where 𝑊I SPRBs
are spread out such that they have independent channel gains
as in the first structure while the remaining 𝑊B = 𝑊 − 𝑊I
SPRBs follow the same multiuser diversity exploitation as in
the second structure.
As mentioned in Section III-B, BER of repetition code and
outage probability give similar result in resource structure
optimization. In order to illustrate the captured diversity, we
use a repetition code with rate 1/𝑊 to analyze the performance of the above three resource structures. For simplicity,
we assume that each SPRB includes one subcarrier only and
each structure carries one information bit per OFDM symbol
with BPSK modulation. Let ℐ denote the subcarrier index
set of the resource structure under consideration. Then the
effective channel power gain 𝐺 due to the repetition code is

C. BER Performance of Different Resource Structures in a
Simplified System Model
The approach in Section III-B can only be used in small dimensionality due to its computational complexity. Fortunately,
the result of optimal structure designs suggests us a simplified
model. From Fig. 2, the selected SPRBs in three phases can
be simply classified into two categories: remaining in the
same band-type subchannel or becoming independent from
the original band-type subchannel. And for those remaining
in the same subchannel, we can assume they have the same

𝐺=

∑

∣𝐻[𝑖, 𝑛]∣2 ,

(12)

𝑖∈ℐ

and the BER for an average SNR is given by
∫ ∞ √
𝑄( 2𝑔 ⋅ SNR)𝑓𝐺 (𝑔)𝑑𝑔,
𝑃𝑒 =

(13)

0

where 𝑄(⋅) is the Gaussian tail probability and 𝑓𝐺 (𝑔) is the
pdf of 𝐺.
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Fig. 5. Theoretical BER performance of different resource structures with
diversity order of 4, 𝑊 = 4 and SNR per subcarrier of 0 dB.

1) Interleaved-type Structure: For the interleaved-type
structure, as {𝐻[𝑖, 𝑛] : 𝑖 ∈ ℐ} are independent and identicallydistributed (i.i.d.) as 𝒞𝒩 (0, 2𝜎ℎ2 ), the 𝐺 for the interleavedtype denoted by 𝐺I has a Chi-square pdf with 2𝑊 degrees of
freedom as
2
1
𝑔 𝑊 −1 𝑒−𝑔/(2𝜎ℎ ) ,
(14)
𝑓𝐺I (𝑔) = 2𝑊 𝑊
𝜎ℎ 2 Γ(𝑊 )
where Γ(⋅) is the Gamma function. Substituting (14) into (13)
and solving as in [25] give BER for the interleaved-type as
[
]𝑊 𝑊
]𝑘
)[
−1 (
∑
1
1
𝑊 −1+𝑘
(1 − 𝜇𝜒 )
(1 + 𝜇𝜒 ) ,
𝑃𝑒 =
𝑘
2
2
𝑘=0
(15)
where

√
𝜇𝜒 =

1

2𝜎ℎ2 SNR
+ 2𝜎ℎ2 SNR

.

(16)

2) Band-type Structure: In the band-type structure, all 𝑊
subcarriers within a subchannel have the same channel gain,
and the selected subchannel has a diversity order of 𝑅 due to
multiuser diversity exploitation. The effective channel power
gain of the selected subchannel based on the CSI knowledge
˜
˜ ≜ max{𝑊 ⋅ ∣𝐻[𝑖, −𝜇]∣2 : ∀𝑖}. The pdf of 𝐺
is given by 𝐺
can be obtained by the order statistics as
]𝑅−1
[
− 2𝑏
𝑅 − 2𝜎2𝑏 𝑊
1
𝑓𝐺˜ (𝑏) =
𝑒 ℎ .
(17)
1 − 𝑒 2𝜎ℎ 𝑊
𝑊
2𝜎ℎ2
The corresponding channel power gain 𝐺B (the subscript B
denoting for the band-type) at the 𝑛th OFDM symbol evolves
˜ according to (1) with 𝜌𝑖 [𝑛 + 𝜇] = 𝜌. The conditional
from 𝐺
˜ is a non-central Chi-square as
pdf of 𝐺B given 𝐺
√
1 −(𝜌2 𝑏+𝑔)/(2𝜂𝑊 ) 𝜌 𝑏𝑔
𝑒
),
(18)
𝐼0 (
𝑓𝐺B ∣𝐺˜ (𝑔∣𝑏) =
2𝜂𝑊
𝜂𝑊
where 𝜂 = (1 − 𝜌2 )𝜎ℎ2 , and 𝐼0 (𝑥) is the zeroth-order modified
Bessel function of the first kind. Then we can evaluate the
BER for the band-type as
∫ +∞ ∫ +∞ √
𝑃𝑒 =
𝑄( 2𝑔 ⋅ SNR) 𝑓𝐺B ∣𝐺˜ (𝑔∣𝑏) 𝑓𝐺˜ (𝑏) 𝑑𝑔 𝑑𝑏.
0

0

(19)
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Fig. 6. Theoretical BER performance of different resource structures with
diversity order of 8, 𝑊 = 8 and SNR per subcarrier of −5 dB.

3) Mixed Structure: In the mixed structure, 𝑊I subcarriers
have the same statistics as in the interleaved-type while the
other 𝑊B subcarriers follow the band-type, which is identical
to the second phase of optimal designs in Section III-B.
Denote the corresponding effective channel power gains due
to 𝑊I and 𝑊B subcarriers by 𝐺1 and 𝐺2 , respectively. Then
𝑓𝐺1 (𝑔), the pdf of 𝐺1 , is the same as 𝑓𝐺I (𝑔) except 𝑊 is
replaced by 𝑊I , i.e., the degrees of freedom becomes 2𝑊I
instead of 2𝑊 . Similarly, the pdf of 𝐺2 is obtained as
∫ ∞ 2
𝑊
𝑓𝐺2 (𝑔) =
˜ (𝑏𝑊/𝑊B ) 𝑑𝑏.
˜ (𝑔𝑊/𝑊B ∣𝑏) 𝑓𝐺
2 𝑓 𝐺B ∣𝐺
𝑊
0
B
(20)
The pdf of the effective channel power gain 𝐺M = 𝐺1 +𝐺2 of
the mixed structure at the 𝑛th OFDM symbol is obtained by
the convolution of 𝑓𝐺1 (𝑔) and 𝑓𝐺2 (𝑔). Substituting 𝑓𝐺M (𝑔)
into (13) gives the BER expression for the mixed structure.
As examples, we set 𝑊 = 4, 𝑅 = 4 and 𝑊 = 8, 𝑅 = 8,
both with 𝜎ℎ2 = 1/2. By numerical evaluation, we obtain the
BERs of the structures as shown in Figs. 5 and 6, respectively
at the SNR per subcarrier of 0 dB and −5 dB. If we pick up
the structure with the best performance from all the candidates
for different 𝜌, we will also obtain a three-phase evolving
structure. When the correlation coefficient 𝜌 is high, the bandtype structure shows advantage over the other two structures.
When 𝜌 is not so high, the mixed-type structure outperforms
the other two structures. When 𝜌 is low, the interleaved-type
structure has the best performance. Within the transmission
frame, as time progresses, the channel correlation coefficient
with respect to the CSI knowledge at the BS becomes smaller.
The performance analysis shown in Figs. 5 and 6 clearly
validates that to capture better diversity in multiuser timevarying frequency-selective fading channels, the subchannels
should have an evolving resource structure. From the case of
𝑊 = 8, 𝑅 = 8, we can clearly see how the structure evolves
in that the number of independent SPRBs increases step by
step until interleaved-type appears. We also observe that the
ranges of 𝜌 for the three phases in Fig. 5 with 𝑊 = 4, 𝑅 = 4
(under the simplified model) are very much similar to those
in Fig. 2 (under the exact model). Thus, the simplified model
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provides a good approximation to the exact model and can be
used to develop a practical resource structure design.
IV. P RACTICAL R ESOURCE S TRUCTURE D ESIGN
As obvious from the theoretical formulation in Section III-B, there is no theoretical closed-form solution for
the user resource structure design. Numerical or simulation
based solution to the theoretical formulation is feasible for
OFDMA systems with small number of subcarriers but it is
computationally prohibitive for large number of subcarriers.
The simplified model which we proposed in Section III-C is
a good approximation of the real system as pointed out in
the previous section. Based on this simplified model, we will
propose a new resource structure design approach (including
a full version and a simplified version), which is suitable for
both small and large dimensional systems. In this approach,
the knowledge of diversity order, channel correlation properties, and pdf of the channel gains are required. Also, the
proposed approach is robust to the small mismatch of these
knowledge in practice.
The proposed practical design (evolving structure) is composed by the three structures as in Section III-C and consists
of a maximum of three sequential phases as below:
∙ Multiuser diversity exploitation phase (a duration of 𝐷𝑀
OFDM symbols): the band-type structure is used in this
phase to exploit multiuser diversity via CSI knowledge.
∙ Transition phase from multiuser diversity to frequency
diversity (a duration of 𝐷𝑇 OFDM symbols): the mixed
structure is used in this phase to exploit partial frequency
diversity and partial multiuser diversity via tolerablyoutdated CSI knowledge.
∙ Frequency diversity exploitation phase (a duration of
𝐷𝐹 OFDM symbols): as the CSI knowledge becomes
outdated, this phase just uses the interleaved structure to
exploit frequency diversity.
In general, the duration of each phase depends on the mobile
speed, carrier frequency, channel correlation characteristics,
symbol duration, packet length, and CSI knowledge delay.
Hence, at an extremely low mobile speed or static scenario,
the evolving structure may have only one phase. In moderate
or slow mobile speed case, the proposed structure may have
two phases. The structure would have all three phases in a high
mobile speed case. Especially, for the second phase, the mixed
structure can include several stages (with different 𝑊I /𝑊B )
as shown in Fig. 6. Here, the design of the evolving resource
structure can be divided into the following two strategies (both
are necessary).
A. Time-Domain Design
First, let us describe the time-domain design which determines the time duration of each phase based on the channel
temporal correlation and diversity order. It is a design to
determine {𝛼𝑖 } which denotes the number of OFDM symbols
in the 𝑖th phase. We define 𝑇sym as the OFDM symbol
duration including cyclic prefix (CP) and/or zero-padded guard
interval. Let 𝒯𝐴 denote the approximate duration of first
phase and 𝒯𝐵 denote the approximate duration of first two
phases (delay of the channel information is included). The

2179

second phase may contain several (say 𝑆) stages, and 𝒯𝐵,𝑖
denotes the approximate duration from the time corresponding
to CSI knowledge to the end of the 𝑖th stage in the second
phase. [1, 𝜌A ] and (𝜌A , 𝜌B ], respectively, denote the ranges
(in decreasing order) of the normalized channel temporal
correlation coefficient of the first phase and second phase.
The rest range belongs to the third phase. And in the second
phase, 𝜌B,𝑖 , 𝑖 = 1, 2, ..., 𝑆 defines the end of 𝑖th stage in the
second phase.
By the simplified model in Section III-C, we can easily
obtain the BER curves, such as Fig. 6 with the parameter of
diversity order. And we can read 𝜌A , 𝜌B and 𝜌B,𝑖 from the
curves. Then we can find the corresponding 𝒯𝐴 , 𝒯𝐵 and 𝒯𝐵,𝑖 .
If we use the Clark-Jakes’ correlation model, we have
1
𝐽 −1 (𝜌A ),
(21)
𝒯𝐴 =
2𝜋𝑓𝑚 0
1
𝐽 −1 (𝜌B ),
(22)
𝒯𝐵 =
2𝜋𝑓𝑚 0
1
𝒯𝐵,𝑖 =
𝐽 −1 (𝜌B,𝑖 ).
(23)
2𝜋𝑓𝑚 0
Translating them into the numbers of OFDM symbols gives
𝑁1 ≜ round(𝒯𝐴 /𝑇sym ),

(24)

𝑁2 ≜ round(𝒯𝐵 /𝑇sym ),

(25)

𝑁2,𝑖 ≜ round(𝒯𝐵,𝑖 /𝑇sym).

(26)

Then we can use 𝑁1 , 𝑁2 , frame length 𝑀 and delay 𝜇
to describe the duration (in unit of the number of OFDM
symbols) of each phase as follows:
𝛼1 = min(𝑀, 𝑁1 − 𝜇),
{
𝛼2 =

0,
𝛼1 = 𝑀
,
min(𝑁2 − 𝑁1 , 𝑀 − 𝛼1 ), 𝛼1 < 𝑀
𝛼3 = 𝑀 − 𝛼1 − 𝛼2 .

(27)
(28)
(29)

For the second phase, we can also obtain the number of
symbols for each stage as
{
𝑁2,1 − 𝑁1 ,
𝑖=1
𝛼2,𝑖 =
.
(30)
𝑁2,𝑖 − 𝑁2,𝑖−1 , 𝑖 = 2, ..., 𝑆
B. Frequency-Domain Design
This strategy focuses on subcarrier deployment of a subchannel in frequency-domain assuming that the channel coherence time is much smaller than the transmission frame length
so that all three phases mentioned above exist. In the first
phase, in order to capture multiuser diversity by taking advantage of CSI knowledge, the band-type structure is adopted.
Since we assume that the BS exploits the CSI knowledge in
its resource allocation, we can consider in the design that each
user is allocated with its best subchannel. In the last phase, the
CSI knowledge at the transmitter has become outdated, and
we can treat it as no CSI at the transmitter. In this scenario,
the interleaved-type structure is applied in order to exploit
frequency diversity. Between the first phase and the last phase,
the channel knowledge is partially outdated. However, it can
still help us to obtain some multiuser diversity. Hence, we
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introduce a transition phase which adopts the mixed structure
and its design is detailed in the following.
We adopt the simplified system model and the BER analysis
from Section III-C to develop the resource structure design.
Let 𝑃𝑒,𝑛 (𝜌[𝑛 + 𝜇]; 𝑊𝐼 [𝑛], 𝑊𝐵 [𝑛]) represent the BER at the
𝑛th OFDM symbol for the structure with 𝑊𝐵 [𝑛] SPRBs
forming a band-type with multiuser diversity and 𝑊𝐼 [𝑛]
SPRBs forming an interleaved-type with frequency diversity,
and 𝑊 = 𝑊I + 𝑊B . Channel gains on all 𝑊I [𝑛] SPRBs
are assumed to be independent mutually and also with the
band-type SPRBs. For example, 𝑃𝑒,𝑛 (𝜌[𝑛 + 𝜇]; 𝑊, 0) and
𝑃𝑒,𝑛 (𝜌[𝑛+𝜇]; 0, 𝑊 ) correspond to the BER of the interleavedtype and band-type at the 𝑛th symbol, respectively. Then the
resource structure design can be divided into two steps. In the
first step, a right amount of mixture of the band and interleaved
types is sought by the simplified model. In the second step, the
SPRBs’ locations are determined where not only the mixture
amount obtained in the first step is maintained, but also the
disjointness and the structure similarity (approximately the
same or mirrored version) are enforced among all subchannels.
For the first step, the optimal design under the simplified
system model is given by

For example, if [𝑊𝐼 [0], 𝑊𝐵 [0]] = [1, 3], and 𝑈 = 4,
𝑊 = 4, 𝑛B = 16, we may set 𝐽1 (𝑛, :) = [0, 2, 3, 10],
𝐽2 (𝑛, :) = [4, 6, 7, 14], 𝐽3 (𝑛, :) = [1, 8, 9, 11], and 𝐽4 (𝑛, :) =
[5, 12, 13, 15], or 𝐽1 (𝑛, :) = [0, 1, 2, 8], 𝐽2 (𝑛, :) = [4, 5, 6, 12],
𝐽3 (𝑛, :) = [3, 9, 10, 11], and 𝐽4 (𝑛, :) = [7, 13, 14, 15].
Due to the numerous combinatorial possibilities of the
resource structures, it is impossible to provide a unique
design solution for all scenarios. However, from the above
design rules and guidelines, one can easily obtain a diversityenhanced resource structure.

[𝑊I [𝑛], 𝑊B [𝑛]] = arg min 𝑃𝑒,𝑛 (𝜌[𝑛 + 𝜇]; 𝑋, 𝑌 ), (31)
𝑋,𝑌

s.t. 𝑋 + 𝑌 = 𝑊, and 𝑋, 𝑌 ∈ {0, 1, . . . , 𝑊 }.
For instance, Fig. 6 shows what should be the right mixture
of the band and interleaved types at each stage of the first
step based on the BER metric. Additionally, from the result
in Section III-B, we have [𝑊𝐼 [0], 𝑊𝐵 [0]] = [0, 𝑊 ], and 𝐽1 (0, :
) = [0, 1, . . . , 𝑊 − 1], 𝐽𝑘 (0, :) = (𝑘 − 1)𝑊 + 𝐽1 (0, :).
Note that under this design, 𝑊 should not be larger than
the frequency diversity order in order to closely resemble
independent SPRBs of the interleaved-type. However, the case
of 𝑊 larger than the diversity order can be handled by limiting
the independent components in the above formulation and
adjusting the signal power of these components to account
for additional SPRBs in particular independent component(s).
For the second step, the SPRB indexes of the independent components should be spaced as far as possible among
themselves as well as with the band-type ones. The above
spacing measure is cyclical (of size 𝑛B ) such that the spacing
between 𝑘 and 𝑘 + 𝑚 is min(𝑚, 𝑛B − 𝑚). Based on the result
from the first step, 𝐽𝑘 (𝑛, :) can be divided into two subsets
𝐽𝑘𝐵 (𝑛, :) and 𝐽𝑘𝐼 (𝑛, :) of size 𝑊𝐵 [𝑛] and 𝑊𝐼 [𝑛], respectively,
/ 𝐽𝑘 (0, :). For the 𝑛th
where 𝐽𝑘𝐵 (𝑛, :) ∈ 𝐽𝑘 (0, :) and 𝐽𝑘𝐼 (𝑛, :) ∈
symbol, divide each set 𝐽𝑘 (0, :) into two subsets 𝐽𝑘𝐵 and 𝐽𝑘𝐼
of size 𝑊𝐵 [𝑛] and 𝑊𝐼 [𝑛], respectively. Then, the design is
given as
𝐽𝑘𝐵 (𝑛, :) = 𝐽𝑘𝐵 , ∀𝑘, 𝑛 = 1, ..., 𝑀 − 1,
𝐽𝑘𝐼 (𝑛, :)

𝐼
∪𝑚∕=𝑘 𝐽𝑚
,

𝐽𝑘𝐼 (𝑛, :)

∈
and
∩
∀𝑘 ∕= 𝑚, 𝑛 = 1, ..., 𝑀 − 1,

(32)
𝐼
𝐽𝑚
(𝑛, :)

= ∅,
(33)

𝐽𝑘𝐼 (𝑛, :)

with the constraints that elements of
should be spaced
as far as possible mutually and also from 𝐽𝑘𝐵 (𝑛, :), and
𝐽𝑘 (𝑛, :) = 𝐽ˆ1 (𝑛, :) + 𝐷𝑘 (𝑛), ∀𝑘.

(34)

This second step design can easily be worked out manually
or via a computer program.

C. A Simplified Evolving Structure Design
We have already proposed a practical approach to the evolving structure design in the previous section. However, due
to multiple stages, this full version of the evolving structure
is a bit complex. Here, we propose a simplified evolving
structure which keeps the advantage of the evolving structure
and enhances the flexibility in practical implementation.
Fig. 6 shows that performances of different mixed structures
at the second phase are very similar. The simulation results
(Figs. 7-10) in Section V also validate this. Additionally, there
can be mismatches of the diversity order and the correlation
coefficient between the actual values and those used in the
design. These facts make the precise division of the second
phase into several stages impractical and unnecessary. Hence,
we simplify the second phase as one stage by adopting one of
the mixed structures. Then the evolving structure is simplified
into a three-stage structure, where the first and the last phases
keep the same as the original evolving structure and the second
phase is reduced to only one stage.
Thus, we only need to revise the design for the second
phase. For the time domain design, we only need to obtain
𝛼2 which can be computed by the same approach as in
Section IV-A. For the frequency domain design, we can pick
up one of the candidate stages in the second phase of the
original evolving structure as the simplified frequency domain
design, e.g., the middle stage.
D. An Example of Evolving Structure Design
As an example, we consider the OFDMA system with 𝑁 =
256 subcarriers, which is the same as the DFT size. In the
system, we assume 𝑈 = 8 and 𝑊 = 8. Each SPRB includes
four subcarriers. We model the channel as eight uncorrelated
Rayleigh fading taps, which have an exponential power delay
profile with a 3 dB per tap decay factor. The frame length is
𝑀 = 14 symbols.
Using the simplified model, we can obtain the BER performance curves shown in Fig. 6. Let us do the time-domain
design first. Then from the figure, we can easily obtain the
number of stages and the correlation segmentation of each
stage as shown in Table I. For the Jakes’ model, by (21)(30) we obtain 𝛼 for different speeds as in Table I. Here,
we assume that the carrier frequency is 2 GHz and the LTE
symbol duration (𝑇sym = 71.36 𝜇𝑠) is adopted.
For the frequency-domain design, there are two steps. First,
we can obtain {𝑊I [𝑛], 𝑊B [𝑛]} from Fig. 6, which is given
in Table I. Second, we should separate the SPRBs of the
independent components as far as possible. We introduce a
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8(𝑘 − 1)

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 6

8(𝑘 − 1) + 7

8(𝑘 − 1)

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 6

8(𝑘 − 1) + 39

8(𝑘 − 1) − 16

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 6

8(𝑘 − 1) + 23

8(𝑘 − 1) − 8

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 23

8(𝑘 − 1) + 39

8(𝑘 − 1) − 23

8(𝑘 − 1) − 8

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 15

8(𝑘 − 1) + 30

𝑘−1

𝑘+𝑈 −1

𝑘 + 2𝑈 − 1

𝑘 + 3𝑈 − 1

𝑘 + 4𝑈 − 1

𝑘 + 5𝑈 − 1

𝑘 + 6𝑈 − 1

𝑘 + 7𝑈 − 1

8(𝑘 − 1)

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 6

8(𝑘 − 1) + 7

8(𝑘 − 1) − 16

8(𝑘 − 1) + 1

8(𝑘 − 1) + 2

8(𝑘 − 1) + 3

8(𝑘 − 1) + 4

8(𝑘 − 1) + 5

8(𝑘 − 1) + 6

8(𝑘 − 1) + 23

𝑘−1

𝑘+𝑈 −1

𝑘 + 2𝑈 − 1

𝑘 + 3𝑈 − 1

𝑘 + 4𝑈 − 1

𝑘 + 5𝑈 − 1

𝑘 + 6𝑈 − 1

𝑘 + 7𝑈 − 1

𝐷 × 𝑊 matrix 𝑱˜𝑘 which denotes the template SPRB index
set for the 𝑘th E-PRB or subchannel where 𝑘 = 1, 2, . . . , 𝑈 .
The 𝑑th row of 𝑱˜𝑘 is 𝐽𝑘,𝑑 denoting the SPRB index set of
the 𝑑th stage of the 𝑘th E-PRB index template. According to
the result of time-domain design, this structure includes six
stages (four stages in second phase). In order to space the
𝑊I [𝑛] SPRBs mutually as far as possible, we use the index
matrix (35) to allocate the SPRBs as
𝑱˜𝑘 = Ψ𝑘 mod 64,

(37)

where 𝑘 = 1, 2, . . . , 𝑈 , and Ψ𝑘 is given by (35)
We can also have the simplified evolving structure for this
system by revising the original evolving structure as follows.
For the time
∑ domain design, we can have 𝛼2 from Table I
as 𝛼2 =
𝑖 𝛼2,𝑖 . For the frequency domain design of the
simplified structure, we only need to change (35) into (36).
V. S IMULATION R ESULTS AND D ISCUSSION
A. Simulation Setting
We use the parameters of the LTE system to validate
the advantages of the proposed evolving structures over the
existing ones. Here, we consider the OFDMA system with
𝑁 = 256 subcarriers, which is the same as the DFT size.
The simulation parameters we used are adopted from the LTE
system: carrier frequency is 2 GHz, subcarrier spacing is 15
kHz, and the symbol duration including the CP is 71.36 𝜇𝑠.
The frame (packet) length is 𝑀 = 14 OFDM symbols.
The channel model is a frequency-selective time-varying
channel. There are eight uncorrelated Rayleigh fading taps,
which have an exponential power delay profile with a 3
dB per tap decay factor. The channel gains are assumed to
be static within one OFDM symbol duration but vary from
symbol to symbol according to the Clark-Jakes’ Doppler
spectrum. In order to evaluate the performance in various
mobile environments, we use seven mobile speeds ranging
from 3 km/h to 350 km/h. The parameters related to the time
domain design are shown in Table I.
The industrial standard convolutional code with rate 1/2,
constraint length 7, and generator matrix [133, 177] is applied
across the subcarriers. The bit interleaver described in Appendix A is applied with 𝑑 = 56. And both quadrature phaseshift keying (QPSK) and 16 quadrature amplitude modulation
(16-QAM) are used. The Viterbi decoder [26] is adopted in the
receiver. The parameters of the evolving structure are 𝑈 = 8

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(35)

⎤
⎦

(36)

subchannels (PRBs), 𝑛B = 64 SPRBs, 𝑊 = 𝑛B /𝑈 = 8
SPRBs per PRBs, and 4 subcarriers per SPRBs. Since the
number of independent channel taps and the number of
subchannels are both 8, the diversity order 𝑅 is 8 in this
system (we take the minimum of the number of independent
channel taps and the number of subchannels as the value
of diversity order in the design). As performance references,
we also evaluate the existing resource structures – the bandtype and the interleaved-type. For the evolving structure’s
frequency domain design, (35) and (36) are respectively used
for the original and simplified evolving structures.
B. Simulation Results
The plots of BER versus mobile speed is presented in
Figs. 7 and 9, respectively for QPSK at the information
bit energy to noise spectral density ratio (𝐸𝑏 /𝑁0 ) of 5 dB
and 16-QAM at 𝐸𝑏 /𝑁0 of 9 dB. And the plots of BER
versus 𝐸𝑏 /𝑁0 are shown in Figs. 8 and 10. At a very low
mobile speed, the proposed structures (original and simplified
evolving structures) have the same performance as the bandtype while the interleaved-type has a performance loss. When
the speed becomes very high, the performance of the bandtype is significantly affected, while the interleaved-type enjoys
a good performance. And the proposed structures have even
a better performance than the interleaved-type in this case,
due to multiuser diversity exploitation at the beginning of the
frame. At medium mobile speeds, the proposed structures outperform both conventional structures due to its better diversity
exploitation. Further, the simplified evolving structure gives
almost the same performance as the original evolving structure
at all evaluated cases, which validates the simplified evolving structure design. Therefore, we can apply the simplified
evolving structure in practical systems instead of the original
one so that the complexity can be reduced. Additionally, we
observe that BERs of interleaved-type and evolving-type (at
high mobile speed) decrease as mobile speed increases due to
larger time diversity at a higher mobile speed.
In order to test the sensitivity to the speed mismatch of the
proposed approach, we evaluate the designs for 160 km/h,
200 km/h and 240 km/h respectively in the channel with
the actual speed of 200km/h and QPSK. The results are
shown in Fig. 11. The results of the three designs are very
similar, which illustrates that the proposed approach is not
very sensitive to the speed mismatch. Additionally, the design
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TABLE I
T IME - DOMAIN D ESIGN FOR LTE S YSTEM
𝜌
0.871
0.846
0.809
0.756
0.723
0

Phase and Stage
Phase 1
P 2, S 1
P 2, S 2
P 2, S 3
P 2, S 4
Phase 3

𝑊B /𝑊I
8/0
7/1
6/2
5/3
4/4
0/8

𝛼 (50 km/h)
𝛼1 =14
𝛼2,1 =0
𝛼2,2 =0
𝛼2,3 =0
𝛼2,4 =0
𝛼3 =0

𝛼 (80 km/h)
𝛼1 =10
𝛼2,1 =2
𝛼2,2 =1
𝛼2,3 =1
𝛼2,4 =0
𝛼3 =0

𝛼 (120 km/h)
𝛼1 =7
𝛼2,1 =1
𝛼2,2 =0
𝛼2,3 =2
𝛼2,4 =0
𝛼3 =4

𝛼(200 km/h)
𝛼1 =4
𝛼2,1 =0
𝛼2,2 =1
𝛼2,3 =1
𝛼2,4 =0
𝛼3 =8

𝛼(350 km/h)
𝛼1 =2
𝛼2,1 =0
𝛼2,2 =1
𝛼2,3 =0
𝛼2,4 =0
𝛼3 =11

Band−type
Interleaved−type
Evolving−type
Simplified E−type

−2

10
−2

BER

BER

10

Band−type
Interleaved−type
Evolving−type
Simplified Evolving−type

−3

10

−3

10

0

50

100

150
200
Speed (km/h)

250

300

350

Fig. 7. BER performance comparison under various mobile speeds between
the proposed evolving resource structure and the existing resource structures
with 𝐸𝑏 /𝑁0 = 5 dB, 𝑀 = 14, QPSK and rate 1/2 convolutional code.
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Fig. 9. BER performance comparison under various mobile speeds between
the proposed evolving resource structure and the existing resource structures
with 𝐸𝑏 /𝑁0 = 9 dB, 𝑀 = 14, 16-QAM and rate 1/2 convolutional code.
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Fig. 8. BER performance comparison under various SNRs between the
proposed evolving resource structure and the existing resource structures with
𝑀 = 14, QPSK and rate 1/2 convolutional code.

for 160 km/h evolves slower than the design for 200 km/h,
while the design for 240 km/h evolves faster. The design for
200 km/h outperforms the other two a bit in the channel with
actual speed of 200 km/h, which illustrates that the design for
200 km/h is a near-optimal design for the channel with actual
speed of 200 km/h. Thus, the proposed approach is validated
as a near-optimal approach.
VI. C ONCLUSIONS
We have proposed a new approach of enhancing diversities
by means of user resource structure (or user channeliza-

−3
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7

7.2

7.4

7.6

7.8

8
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E /N (dB)
b

8.4

8.6

8.8

9

0

Fig. 10. BER performance comparison under various SNRs between the
proposed evolving resource structure and the existing resource structures with
𝑀 = 14, 16-QAM and rate 1/2 convolutional code.

tion) design for OFDMA systems in multiuser time-varying
frequency-selective fading channels. We developed theoretical
formulations of the user resource structure design using BER
and outage probability as design metrics, and obtained optimal
resource structures for small-scale systems numerically. This
study revealed several important characteristics of optimal
resource structures and provided guidelines for practical resource structure designs. We further developed a simplified
system model to handle resource structure designs for largescale systems, and observed from the performance results that
the simplified model yielded close-to-optimal performance. In
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The values of 𝑠 are determined by the number of coded bits
per subcarrier, 𝑁BPSC , according to
𝑠 = max(𝑁BPSC /2, 1).

(39)

−2

10

BER

The deinterleaver is also defined by two permutations.
Here, the index of the original received bit before the first
permutation shall be denoted by 𝑗; 𝑖 shall be the index after
the first and before the second permutation; and 𝑘 shall be the
index after the second permutation, just prior to delivering
the coded bit to convolutional (Viterbi) decoder. The first
permutation is defined by the rule

−3
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Evolving−type for 240 km/h

𝑖 = 𝑠 × ⌊𝑗/𝑠⌋ + (𝑗 + ⌊𝑑 × 𝑗/𝑁BPF ⌋) mod 𝑠,
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Fig. 11. BER performance under mobile speed mismatch in the channel
with 200 km/h, 𝑀 = 14, QPSK and rate 1/2 convolutional code.

addition, a simplified resource structure design was devised
which maintained almost the same performance as the full
version of the resource structure design while enjoying simpler
implementation complexity and flexibility. The simulation
results also illustrated that the proposed designs were not sensitive to the mismatches in diversity order and mobile speeds.
The proposed resource structure may contain up to three
phases of diversity exploitation (multiuser diversity, partial
multiuser and frequency diversities, and frequency diversity)
depending on the mobile environment under consideration.
Thus, the user resource structure with enhanced diversity starts
with a band-type and may evolve into a mixed type and
then an interleaved-type at a later part of the transmission
frame if the channel varies substantially within the frame. The
simulation results under the LTE system setting validated that
the proposed evolving resource structure provided significant
BER performance improvement over the existing resource
structures. In brief, the proposed approach opens up a viable
additional dimension for diversity enhancement approaches.
A PPENDIX A
I NTERLEAVER D ESIGN
In order to illustrate the advantage of the evolving structure,
we adopt an interleaver including two permutations revised
from the interleavers used in WiMAX [4] and IEEE 802.11a
[27]. The index of the coded bit before the first permutation
shall be denoted by 𝑘, and 𝑖 is the index after the first
and before the second permutation; and 𝑗 is the index after
the second permutation, just prior to modulation mapping. It
should be noted that the index here is ordered within one
frame. The first permutation is defined by the rule
𝑖 = (𝑁BPF /𝑑)(𝑘

mod 𝑑) + ⌊𝑘/𝑑⌋, 𝑘 = 0, 1, ...𝑁BPF − 1.

The function ⌊.⌋ denotes the largest integer not exceeding the
argument. And 𝑁BPF is the number of bits per frame. The
second permutation is defined by the rule
𝑗 = 𝑠 × ⌊𝑖/𝑠⌋ + (𝑖 + 𝑁BPF − ⌊𝑑 × 𝑖/𝑁BPF ⌋)mod 𝑠,
𝑖 = 0, 1, ..., 𝑁BPF − 1.

(38)

where 𝑠 is defined in (39). The second permutation is defined
by the rule
𝑘 = 𝑑 × 𝑖 − (𝑁BPF − 1)⌊𝑑 × 𝑖/𝑁BPF ⌋,
𝑖 = 0, 1, . . . , 𝑁BPF − 1.
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