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Abstract This paper proposes a two-dimensional spreading method in UMTS Long Term
Evolution (LTE). Such a method brings additional time-frequency diversity which is benefi-
cial in terms of the ability to decode transmitted data at the receiver site under multipath fading.
Additional diversity is provided due to the fact that chips of transmitted signals are spread
using a Walsh-Hadamard spreading sequence over several subcarriers as well as over several
time-slots simultaneously. A comparison with state-of-the-art LTE downlink transmission
is provided. To enable reproducibility and to increase credibility of our results, an open
source Vienna LTE simulator is utilized. LTE transmissions with the proposed 2D spreading
are tested on several channel models. Simulations show that apart from an Additive White
Gaussian Noise channel model, this 2D spreading based method outperforms the throughput
performance of standard LTE. At high Signal to Noise Ratio (SNR), the throughput increase
in most channel models is higher than 10 %.

Keywords LTE · 2D Spreading · Throughput maximization · VSF-OFCDM ·
Vienna LTE simulator

1 Introduction

It is without any doubt that one of the main concerns of any communication system is to have
the highest possible data throughput independent of the channel conditions. To maximize the
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throughput, we exploited time and frequency diversity. Apart from utilization of expensive
techniques such as using extra bandwidth, adding more antennas or simply increasing the
transmitting power, our method can be interpreted as a coding technique with code rate one.
This method only increases the demand on computational power.

The idea behind this paper is to reveal the efficiency of a 2D spreading method when it is
incorporated in the most relevant wireless standard which is currently available. Therefore
we chose an open source LTE simulator [1–3] to find out whether LTE can be enhanced
by our proposed 2D signal spreading and show that it indeed outperforms a standard LTE
downlink in terms of throughput.

An example of implementation of 2D signal spreading and thus a time-frequency diversity
utilization can be found in Variable Spreading Factor Orthogonal Frequency Code Division
Multiplex (VSF-OFCDM) systems [4–7]. The authors claim that the 2D spreading based
VSF-OFCDM system exhibits a better performance than Orthogonal Frequency Division
Multiplexing (OFDM) wireless transmission methods.

A three-cell frequency reuse OFDM system and one-cell reuse VSF-OFCDM system was
compared. Due to the fact that VSF-OFCDM systems could benefit from the utilization of
the code domain and the cells have been distinguished by a spreading code the VSF-OFCDM
system reached significantly better throughput in a multi cell environment [8]. The reason
for this is that the possibility to use the entire system bandwidth in the VSF-OFCDM system
was enabled when compared to a third of the bandwidth in the case of pure OFDM.

LTE however uses a one-cell frequency reuse [9] and could benefit only from exploita-
tion of the time-frequency diversity. To keep the comparison of 2D LTE and LTE fair, the
bandwidth has to be the same as in the case of LTE.

When presenting our novel method, the need for comparing with a-state-the-art system
is very important. Hence, the system model is based on the Vienna LTE simulator [1,2] as
a reference model. This simulator is released under a free non-commercial, academic use
license. Such a release model enables algorithms to be tested and being compared using a
common, known, and verifiable environment. We are certain that this transparency not only
improves the quality of the published results but also their credibility.

Concerning results, we present throughput comparisons based on power-delay profile
(PDP) channel models of the following types: Pedestrian channel model of type A (PedA),
Pedestrian channel model of type B (PedB), Vehicular channel model of type A (VehA),
Additive White Gaussian Noise (AWGN), Typical urban channel model (TU), Extended
typical urban channel model (ETU), Rural area channel model (RA) and Hilly terrain channel
model (HT) [10,11].

The remainder of this paper is organized as follows: In the Sect. 2, the implementation
of the 2D signal spreading into the LTE signal processing chain is described. In the Sect. 3
we explain its selection and in the Sect. 4 the comparison of the standard LTE downlink and
the 2D spreading based LTE transmission is provided. At the end of the paper, the Sect. 5
rounds up the paper.

2 System Model

The 2D spreading, as it is presented in [12], is rather repeating symbols which are multiplied
by some spreading sequence. The resulting chips are repeated in time, frequency or code
domain. The presented algorithm exploits one dimensional Walsh-Hadamard sequences.
Nevertheless, due to interleaving of spread data among multiple carrier frequencies and
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Fig. 1 The LTE signal
processing chain. The dark gray
blocks represents the additional
blocks for 2D spreading and
despreading. Other parts remain
the same in both versions,
2D spreading based LTE and
standard LTE. The white blocks
are according to [13–15]

multiple OFDM symbols, two dimensions are utilized. Therefore, we refer to this scheme as
two-dimensional spreading.

Figure 1 represents the LTE signal processing chain. The dark gray blocks indicate addi-
tional blocks for 2D spreading and despreading. Other parts remain the same in both versions;
2D spreading based LTE and standard LTE downlink. The white blocks are according to 3GPP
standards [13–15].

Vector ac from Eq. (1) denotes the Cyclic Redundancy Check (CRC) secured, segmented,
scrambled, turbo-coded, rate matched, QAM and layer mapped data vector a.

ac = (ac1, ac2, . . . , ace) , (1)

where the index e is the number of elements in the vector ac. We consider the output of the
layer mapping block, vector ac, as the input of a 2D spreading block. In the 2D spreading
block, vector ac is chopped to SF parts, where SF stands for Spreading Factor—as explained
below. This operation is illustrated by (2), where SP{ac}|SF denotes a Serial-to-parallel (SP)
transformation of vector ac.
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SP{ac}|SF :=

⎛
⎜⎜⎜⎜⎜⎝

ac 1 ac 2 . . . ac e
SF

ac( e
SF +1) ac( e

SF +2)
. . .

...

...
. . . ac(e−SF−2) ac(e−SF−1)

ac (e−SF) . . . . . . ace

⎞
⎟⎟⎟⎟⎟⎠

.

︸ ︷︷ ︸
Ac

(2)

Each row of matrix Ac is then multiplied by one Walsh-Hadamard sequence, i.e., one
column of matrix � specified by (4). This is described in Eq. (3) and depicted in Fig. 2.

As = Ac(i,∗) ⊗ �(∗,i)

=

⎛
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...
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...
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⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

T

,

∀i ∈ {1, . . . , SF} (3)

where

� =
⎛
⎜⎝

ξ1,1 . . . ξ1,SF
...

...

ξSF,1 . . . ξSF,SF

⎞
⎟⎠ . (4)

Matrix � then represents the Walsh-Hadamard matrix utilized as a bank of spreading
sequences, Ac(i,∗) denotes the i-th row of matrix Ac and �(∗,i) selects the i-th column
of matrix �. The symbol ⊗ denotes the Kronecker product and (.)T denotes a matrix trans-
position.

Consequently, all the rows of the resulting matrix As are summed together according to
Eq. (5), thus we obtain a vector of spread data as of length SF. Each row of matrix Ac forms
the code sheet, as shown in Fig. 2.

as =
SF∑
j=1

As( j,∗)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ac 1ξ1,1 + ac 1ξ2,1+ · · · +ac e
SF

ξSF,1

ac( e
SF +1)ξ1,2 + ac( e

SF +1)ξ2,2+ · · · +ac( e
SF +1)ξSF,2 + ac( e

SF +2)ξ1,2

...
... · · · +ac(e−SF−1)ξSF,SF−1

ac (e−SF)ξ1,SF+ · · · +aceξSF,SF

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

T

(5)

In order to spread the chips (the elements of vector as) over the entire bandwidth and over
all time slots (OFDM symbols), all positions of the chips are randomly interleaved.
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Fig. 2 The two-dimensional signal spreading process. We are spreading the signal right after the layer map-
ping block. The signal from the layer mapper is multiplied with all Walsh-Hadamard sequences of order SF.
As a result we receive SF vectors, which represents the code-sheets. These are then summed together and we
obtain a vector which serves as a frame builder input

Vector as, containing all the spread data is of the same length as the output of the layer
mapping block, i.e., ‖as‖ = ‖ac‖.

Due to the fact that Walsh-Hadamard sequences are orthogonal, we are able to separate
them at the receiver site. This principle is well-known from the Code Division Multiple
Access (CDMA) systems [12].

When spreading a signal, we have SF-times more of data to transmit due to the spreading
process, however, we also obtain SF times more space in the code domain which we can
utilize. The increase in terms of data is in this case the same as the increase of the space dedi-
cated to the transmission. As a result, after the summation of all the code sheets as presented
in Fig. 2, the amount of data is kept the same as in the case of standard LTE and thus no extra
bandwidth is required.

However, the transmitted data occupies SF-times more time-frequency space, thus we
gain on time-frequency diversity. At the receiver site, we have SF realizations of one bit.
Due to the interleaving of these chips all over the transmission channel, the influence of deep
fades of a transfer function [16] will be reduced.

The data share their space with other SF − 1 data element. It will be shown in the next
section that their performance on AWGN channels will not be improved.

3 Spreading Factor

For a better understanding of our proposed algorithm, a brief description of the LTE time-
frequency signal grid according to [14] is stated in the following section. Using a ‘normal’
cyclic prefix, seven symbols with 12 subcarriers each form one resource block. One element
of such a grid is called resource element (RE).
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The maximal number of resource blocks transmitted in LTE is given by a total system
bandwidth BW, where BW ∈ {1.4, 3, 5, 10, 15, 20} MHz. This corresponds to the number of
resource blocks Nrb ∈ {6, 15, 25, 50, 75, 100}, which can be exploited for data transmission.

The spreading factor SF has to be chosen carefully, the length of the vector ac representing
the amount of transmitted data has to be divisible by SF. This is due to the fact that the 2D
spreading block cuts its input vector ac into SF parts in order to allow spreading. For a more
detailed explanation, the chopped data are multiplied by the spreading sequence and then
their length will be SF-times larger. The length of the spread data will then be exactly the
same as the length of the 2D spreading block input vector ac. This is a necessary property.
The frame builder can remain intact as well as the generation of pilot signals used for channel
estimation. As a result, only minimal changes in the LTE standard are needed. Additionally,
the comparison of such a system is more relevant.

In the configuration presented below, where BW = 1.4 MHz, the number of user equip-
ments nUE = 1, Nrb = 6, a vector from the layer mapping block is of length 816 for the first
subframe and 960 for the second subframe, respectively. Due to this, the maximal spreading
factor is SF = 48. The reason is that 48 is the highest common divider of 816 and 960 for
which we also found a Walsh-Hadamard matrix.

4 Experiment and Results

This section describes the simulation setup as well as the results of the 2D spreading based
LTE model.

Our method operates on the physical layer. Therefore, for a lucidity of our experiment,
we assume a perfect time synchronization of all User Equipments (UEs) which is provided
by a higher layer. The resulting throughput curve, seen in Fig. 4, is cell-specific and the
scheduling of resource blocks is done by a scheduler which is also part of the higher layer of
LTE functionality. If we consider that the whole available bandwidth is scheduled to one UE,
we can simplify the transmission scheme as the single user environment as seen in Fig. 3.

Regardless the Number of User Equipments (nUE), but of course only when nUE >1,
our simulation setting generates maximal cell-specific data throughput given by the system
bandwidth.

Figure 4 depicts the comparison of a standard compliant LTE downlink transmission with
a non standard compliant 2D LTE downlink. Adaptive Channel Quality Information (CQI)
mapping’s, for which the CQI is adapted in order to provide the highest possible data through-
put at given SNR, are utilized. The setup of the simulation presented in Fig. 4 is as follows:
PedB channel model, 1.4 MHz, single-user, 5,000 subframes, CQIs from 1 to 15, SF = 48.

Fig. 3 For a lucidity of our
experiment, we assume a perfect
timing synchronization. If we
consider that the whole available
bandwidth is scheduled for a
single user, here UE1, and
omitting additional users (UE2
and UE3), we have simplified the
transmission scheme. Thus we
obtain a cell-specific throughput
curve as seen in Fig. 4
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Fig. 4 The throughput curves
for PedB channel model,
1.4 MHz, single-user, 5,000
sub-frames, CQIs from 1 to 15,
SF = 48. The 2D spreading
based LTE is plotted in red, the
standard LTE is dashed and blue.
The 99 % confidence intervals are
also depicted, indicating a high
confidence of the plotted results.
(Color figure online)

Table 1 LTE system parameters
of the presented simulations

System bandwidth 1.4 MHz

Subcarrier spacing 15 kHz

Subframe duration 1 ms

Number of user equipments (UEs) 1

Number of eNodeBs 1

Transmission scheme SISO

Number of subframes 10,000

Channel quality information (CQI) 15

SNR 30 dB

SF 48

CP length ‘Normal’ [13]

Channel estimation method MMSE

Channel model PedA, PedB, VehA, AWGN, TU,

ETU, RA, HT [10,11]

The 2D spreading based LTE transmission is plotted in red, the standard LTE transmission
is dashed and blue. The 99 % confidence intervals are also depicted in order to provide a
statistical perspective on the accuracy of the presented data.

As can be observed, the 2D spreading enhanced LTE copes better in the multi-path environ-
ment when compared to the standard LTE downlink. A considerable throughput improvement
comes however only at rather high SNR around 25 dB and more, depending on the channel
model. A significant improvement is achieved at SNR = 30 dB according to Fig. 4. In that
case the 2D spreading enables a possibility to exploit higher CQI at a given SNR level in
comparison with the standard form of LTE.

Table 1 gives an insight on important parameters of the next simulation, where we exam-
ined the 2D spreading influence applying a cornucopia of channel models, namely PedA,
PedB, VehA, AWGN, TU, ETU, RA and HT [10,11] which are available in the LTE simu-
lator [1,3]. Results are presented in Fig. 5 where we can observe the throughput increase in
percent. The 2D LTE achieves higher throughput and the increase is from 9 % to more than
25 % in five out of eight channel models. In one channel model the increase is about 2–3 %.
Only in 2 channel models, there is no increase at all.
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Fig. 5 The throughput increase
for various channel models and
for SNR=30 dB. Simulation
settings are listed in Table 1.
The error bars represents 99 %
confidence intervals

5 Conclusion

This paper describes a new 2D spreading mapping suitable for LTE transmissions. We
implemented this algorithm into the state-of-the art simulation system developed at Vienna
University of Technology. For a comparison of the proposed 2D spreading enhanced LTE
and standard LTE downlink, several channel models have been applied.

The proposed spreading requires only minor modifications of LTE standards while bring-
ing considerable improvement in the throughput performance of such systems. We showed
that in most channel models, the utilization of the 2D spreading is beneficial in terms of
throughput increase. This increase ranges from 5 % to more than 25 % (99 % confidence
interval). It should also be noted, that the exploitation of the 2D spreading does not require
extra bandwidth.
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