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Abstract—Recent standards for cellular transmission systems
offer a lot of flexibility, such as the choice of transmission modes,
modulation alphabets, coding rates, and precoding matrices.
Despite this trend, pilot-symbol patterns in today’s standards
remain fixed, although such an approach is suboptimal.

In this paper, we show how to design optimal pilot-symbol
patterns by maximizing an upper bound of a constrained
capacity that takes channel estimation errors and Inter Carrier
Interference into account. Furthermore, we propose adaptive
pilot-symbol patterns that follow changing channel statistics. As a
proof of concept, we present throughput simulation results of two
competitive systems, a transmission system compliant with the
Long Term Evolution (LTE)-standard and an improved system
utilizing the proposed adaptive pilot patterns. The transmission
system utilizing adaptive pilot patterns outperforms an LTE-
standard compliant system in all considered scenarios. The
throughput gain for a single input single output system ranges
between 3% and 80%. For a 4 × 4 transmission system, the
performance gain is significantly higher and can reach up to
850% compared to a conventional LTE system.

Index Terms—Pilot pattern, OFDM, MIMO, LTE, adaptive
transmission system.

I. INTRODUCTION

COHERENT detection is utilized in most of the trans-
mission systems for mobile wireless communications.

The performance of such systems especially depends on the
utilized pilot-symbol patterns. To avoid jeopardizing the per-
formance of the overall system, standardization organizations
prefer fixed and therefore robust pilot-symbol patterns, which
allow to estimate the transmission channel with sufficient high
accuracy under various channel conditions. This overprovi-
sioning approach leads to an advantage in terms of system
robustness at the cost of reducing the system efficiency.

In this work, we show how to design optimal pilot-symbol
patterns under doubly selective channels with an optimal
power distribution between pilot- and data-symbols. Further-
more, we propose the usage of adaptive pilot-symbol patterns
that adapt to the varying channel statistics.
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A. Related Work

In the past, many researchers attempted to find an optimal
pilot-symbol pattern by various criteria. In [1], [2], the authors
chose the Mean Squared Error (MSE) of a channel estimator
as a cost function for the design of the pilot-symbol patterns.
They showed that equi-powered and equi-spaced pilot-symbols
led to the lowest MSE. The authors of [3], [4] proposed a
pattern design that maximized the channel capacity. There are
many different approaches for designing pilot-symbol patterns
based on the minimization of the Bit Error Ratio (BER) [5]
or the Symbol Error Ratio (SER) [6]. A summary of these
methods can be found in [7].

The authors of [8]–[11] showed how to distribute the
available power among data- and pilot-symbols, given a cer-
tain pilot-symbol pattern. The authors established the post-
equalization Signal-to-Interference-and-Noise Ratio (SINR)
under imperfect channel knowledge as a cost function to solve
the formulated problem. This relatively simple framework
allows to treat the problem analytically and to find a solution
independent of the actual channel realization. In spite of these
advantages, the achievable gain is limited, since the power
distribution modifies only a term inside of the logarithm in
the capacity formula.

The adaptation of the pilot patterns in Orthogonal Fre-
quency Division Multiplexing (OFDM) systems was first pro-
posed in [12]. Simeone and Spagnolini designed pilot patterns
in a way that the effective Signal-to-Noise Ratio (SNR)
loss due to the channel estimation error remained limited
within a desired bound. Their solution requires a complex
Kalman channel estimator and only a greedy recommendation
was proposed when designing the pilot patterns. A similar
approach was presented in [13], the authors of which designed
pilot patterns such that the channel estimation MSE was
bounded as desired by the system designer while minimizing
the pilot-symbol overhead. The presented solution was limited
to a Linear Minimum Mean Squared Error (LMMSE) channel
estimator and a Least Squares (LS) channel estimator with
a linear interpolation. The authors of [14] considered the
flatness of the channel estimation MSE as the cost function
for their adaptive pilot design. The proposed solution was
applied with an LMMSE channel estimator and with an
LMMSE approximation. In [15], the authors proposed an
adaptive pilot density depending on the channel variations
satisfying a Nyquist sampling theorem in order to preserve
channel estimation performance. The presented solutions [12]–
[15] for adaptive pilot pattern design focus on the channel
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estimation performance in various forms as the cost function,
with less or no emphasis on the throughput. Additionally, the
presented solutions are mostly limited to an LMMSE channel
estimator, which in reality cannot be utilized due to its high
computational complexity and its a-priori requirements on the
channel statistics.

In this paper, we propose a framework for the design of
adaptive pilot patterns that maximizes the throughput perfor-
mance of the system. The framework is intended for any linear
channel estimation method. Furthermore, the proposed design
maximizes the throughput performance rather than the chan-
nel estimation performance as proposed in already existing
methods [12]–[15]. The channel estimation performance in our
work is merely a side constraint while the system performance
metric is the system throughput. Additionally, our framework
includes power distribution among pilot- and data-symbols,
which was not considered as a part of the adaptive pilot pattern
design in the state-of-the-art [12]–[15].

B. Contribution

The main contributions of this paper are:

• By maximizing an upper bound of the constrained capac-
ity (see Equation (22) further ahead), we derive optimal
distances between adjacent pilot-symbols under doubly
selective channels along with an optimal power distribu-
tion between pilot- and data-symbols. With this we take
advantage of the potential to increase pre-log terms in the
constrained capacity formula which gives much higher
gains than by only modifying the pilot power.

• The proposed solution can be applied to any linear
channel estimator.

• We propose adaptive pilot-symbol patterns that adapt to
the changing channel statistics.

• The proposed adaptive pilot-symbol patterns aim to max-
imize the throughput in contrast to the already existing
methods that are trying to preserve channel estimation
performance [12]–[15].

• Our proposed solution can be applied to a LTE system
with maximally 4 bits of extra feedback. Since the pilot-
symbol pattern is used across the entire transmission
bandwidth, the amount of required feedback bits is negli-
gible compared to the amount required by other narrow-
band feedback indicators (channel quality indicator, rank
indicator, precoding matrix indicator).

• Simulation results with an LTE compliant simulator [16],
[17] validate the presented optimal pilot-symbol design.1

• A comparison of simulated throughput of an LTE-
standard compliant system with the same system that
utilizes our proposed adaptive pilot-symbol patterns, con-
firms the superiority of the proposed adaptive pilot-
symbol patterns when compared to the fixed pilot pat-
terns.

The remainder of the paper is organized as follows. In
Section II, we introduce a mathematical model for Multi-
ple Input Multiple Output (MIMO) OFDM transmissions. In

1As with our previous work, all data, tools, as well implementations needed
to reproduce the results of this paper can be downloaded from our homepage
[18].

Section III, we briefly summarize important knowledge about
the post-equalization SINR for Zero Forcing (ZF) equalizers
under imperfect channel knowledge, and about state-of-the-art
channel estimators. Furthermore, in the same section we show
how to design optimal pilot-symbol patterns under doubly
selective channels, and how to use adaptive pilot-symbol
patterns that adjust to the varying channel statistics. Finally,
we present throughput simulation results in Section IV and
conclude our paper in Section V.

II. TRANSMISSION MODEL

In this section, we introduce a transmission model suitable
for our further derivation. The most important variables of this
paper and their description are summarized in Table I.

A received OFDM symbol in the frequency domain at the
nr-th receive antenna can be represented as

ỹnr =

Nt∑
nt=1

H̃nt,nrxnt + ñnr , (1)

where H̃nt,nr ∈ C
Nsub×Nsub represents the channel matrix

in the frequency domain between the nt-th transmit and nr-th
receive antennas. The transmitted signal vector is referred to as
xnt ∈ CNsub×1, the received signal vector as ỹnr ∈ CNsub×1.
Each entry of vector ñnr ∈ CNsub×1 represents an additive
white Gaussian zero-mean noise with variance σ2

n on the
nr-th receive antenna. In case of time-invariant channels,
channel matrix H̃nt,nr appears as a diagonal matrix, whereas a
time-variant channel forces channel matrix H̃nt,nr to become
non-diagonal. The non-diagonal elements indicate that the
orthogonality between subcarriers is distorted, leading to the
so-called Inter Carrier Interference (ICI). Specifically, vector
xnt ∈ CNsub×1 in Equation (1) comprises precoded data-
symbols xd,nt ∈ CNd×1 and pilot-symbols xp,nt ∈ PNp×1

from the set of all possible pilot-symbols P, at the nt-th
transmit antenna placed by a suitable permutation matrix P

xnt = P
[
xT
p,nt

xT
d,nt

]T
. (2)

Vector xnt has Nsub entries, corresponding to the number
of non-zero subcarriers. The variables Np and Nd denote
the number of the pilot-symbols and the number of the
precoded data-symbols, respectively. The precoding process
on a subcarrier k can be described as

[xd,1,k · · ·xd,Nt,k]
T = Wk [s1,ks2,k · · · sNl,k]

T , (3)

where xd,nt,k is a precoded data-symbol at the nt-th transmit
antenna port and the k-th subcarrier, Wk ∈ C

Nt×Nl is a uni-
tary precoding matrix at the k-th subcarrier and snl,k ∈ D1×1

is the data-symbol of the nl-th layer [19] at the k-th subcarrier.
Here, D denotes the set of available modulation alphabets.
Data-symbol vectors xd,nt are obtained by stacking data-
symbols xd,nt,k from Equation (3) at a specific antenna nt into
a vector. Note that we do not assume anything about the choice
of the precoding matrix Wk. In a typical transmission system,
it is chosen from a given set of precoding matrices either based
on the feedback from the user (closed-loop operational mode),
or it is circularly varied (open-loop operational mode).
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TABLE I
MOST IMPORTANT VARIABLES

Variable Dimension Description
ỹnr CNsub×1 received symbol vector at antenna nr

H̃nr,nt CNsub×Nsub channel matrix between antennas nt and nr

in frequency domain
xnt CNsub×1 transmit symbol vector at antenna nt

xp,nt PNp×1 pilot-symbols vector at antenna nt

xd,nt CNd×1 transmit data vector at antenna nt

ñnr CNsub×1 additive noise at antenna nr

yk CNr×1 received symbol vector at subcarrier k
Hk,l CNr×Nt MIMO channel matrix between subcarriers k and l
Wk CNt×Nl precoding matrix at subcarrier k
Gk CNr×Nl effective channel matrix Hk,kWk

sk DNl×1 transmit data at subcarrier k
nk CNr×1 additive noise at subcarrier k
Ek CNr×Nt channel estimation error at subcarrier k
σ2
s R transmit power of one layer

σ2
p R transmit pilot-symbol power

σ2
d R transmit data power

σ2
ICI R Inter Carrier Interference power
σ2
n R noise power

σ2
e R channel estimation error variance
d R interpolation error
fc R carrier frequency
Np N number of pilot-symbols
Nd N number of data-symbols
Nl N number of layers
Nt N number of transmit antennas
Nr N number of receive antennas

Nsub N number of subcarriers
poff R offset between power of pilot-symbols

and data-symbols
γl R post-equalization SINR at layer l

For the derivation of the post-equalization SINR, we use an
MIMO input-output relation at the subcarrier level, given as:

yk = Hk,kWksk + nk +
∑
m �=k

Hk,mWmsm

︸ ︷︷ ︸
ICI

. (4)

Matrix Hk,m ∈ CNr×Nt denotes an MIMO channel matrix
between the k-th and m-th subcarrier. MIMO channel matrix
Hk,m contains appropriately ordered elements of matrices
H̃nt,nr located in the k-th row and the m-th column. Vector sk
consists of the data-symbols of all layers at the k-th subcarrier.
Vector nk represents additive white Gaussian zero-mean noise
with variance σ2

n at subcarrier k. We denote the effective
channel matrix including precoding by

Gk,k = Hk,kWk. (5)

Furthermore, the average power transmitted at each of the Nl

layers is denoted by σ2
s . The total power transmitted on each

data position is σ2
d, while that on each pilot position is denoted

by σ2
p.

III. OPTIMAL PILOT PATTERN DESIGN

In this section, we show how to design optimal pilot-symbol
patterns for doubly selective channels. As the cost function
for the measure of optimality, we choose an upper bound
of the constrained capacity based on the post-equalization
SINR that includes channel estimation errors. We begin with
a brief summary of the state-of-the-art about linear channel
estimation. Subsequently, we proceed with an explanation of

the post-equalization SINR under channel estimation error. At
the end of this section, we explain the actual design of the
optimal pilot-symbol patterns under doubly selective channels.

A. Channel Estimation

The introduced concept is presented for a general linear
estimator and interpolator, exemplarily we present results for
LS and LMMMSE estimators in combination with linear and
LMMSE interpolators [20]. The authors of [3] showed that
optimal performance of an MIMO channel estimator was
obtained with pilot patterns that are orthogonal over individual
transmit antennas. Such pilot patterns allow to estimate an
MIMO channel as NtNr individual Single Input Single Output
(SISO) channels. Due to optimal performance of such MIMO
patterns, we restrict our discussion to pilot-symbol patterns
that are orthogonal over individual antennas. Note that the
LTE-standard utilizes such orthogonal pilot pattern.

In a pilot-aided linear channel estimation, an interpolated
channel estimate at data position j is obtained as a weighted
sum of a set of channel estimates from the pilot positions in
the neighborhood Pj of the data positions j

ĥd,j =
∑
i∈Pj

wj,iĥp,i, (6)

where ĥd,j and ĥp,i are channel estimates at the j-th data
position and at the i-th pilot position, respectively.2 In [10], it

2Note, the indexes j and i represent some positions within the time-
frequency grid.
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was shown that the MSE of a linear channel estimator defined
in Equation (6) can be stated as follows

σ2
e = ce

σ2
n + σ2

ICI

σ2
p

+ d, (7)

where the variables ce and d are real constants that determine
the performance of the considered linear channel estimator.
The value of the constant ce can be obtained as [10]

ce =
1

Nd

Nd∑
j=1

∑
i∈Pj

w2
j,i, (8)

and the value of the interpolation error d as in [10]

d = (9)

1

Nd

Nd∑
j=1

⎛
⎝1− 2

∑
i∈Pj

wj,i�{Rj,i}+
∑
i∈Pj

∑
i′∈Pj

wj,iwj,i′Ri,i′

⎞
⎠ ,

where Rj,i is a channel correlation coefficient between the j-th
and the i-th channel positions. The choice of the interpolation
weights wj,i follows an interpolation scheme.

B. Post-equalization SINR

In this subsection, we briefly summarize knowledge related
to the post-equalization SINR of a ZF equalizer under channel
estimation errors, for more details consult [8], [10]. The key
step towards the derivation is to replace the channel matrix
Hk,k in the MIMO input-output relation Equation (4) by an
estimated channel matrix Ĥk,k expanded by an estimation
error, which we denote by Ek,k

yk =
(
Ĥk,k +Ek,k

)
︸ ︷︷ ︸

Hk,k

Wksk + nk +
∑
m �=k

Hk,mWmsm.

(10)

Since the channel estimation error matrix Ek,k is unknown at
the receiver, the ZF solution is based on Ĝk,k = Ĥk,kWk

and given by

ŝk =
(
ĜH

k,kĜk,k

)−1

ĜH
k,kyk. (11)

With the equalized data-symbol vector, we obtain the ex-
pression for the estimated average post-equalization SINR at
the l-th transmission layer [8] for a given estimated effective
channel matrix Ĝk,k

ˆ̄γl =
σ2
d

Nl (σ2
n + σ2

ICI + σ2
eσ

2
d) e

H
l

(
ĜH

k,kĜk,k

)−1

el

, (12)

where the variable σ2
e represents the variance of the elements

of the channel estimation matrix Ek,k. In Equation (13), we
assumed that the available data power σ2

d is evenly distributed

between individual layers, i.e., σ2
s =

σ2
d

Nl
. For small estimation

errors Ek,k, the estimated effective channel matrix Ĝk,k in
Equation (12) can be replaced by its true value Gk,k . By doing
so, we can directly obtain the average post-equalization SINR

of a ZF equalizer at the l-th transmission layer for a given
effective channel matrix Gk,k as

γ̄l =
σ2
d

Nl (σ2
n + σ2

ICI + σ2
eσ

2
d) e

H
l

(
GH

k,kGk,k

)−1

el

. (13)

Simulations have validated that in the typical operational range
of LTE, the expressions in Equation (12) and in Equation (13)
do not differ significantly. Furthermore, we include a-priori
knowledge about the channel estimation performance into
the average SINR expression of a ZF equalizer by inserting
Equation (7) in Equation (13) and decompose the expression
into two parts

γ̄l = fh (Gk,k) fpow
(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
, (14)

with the so-called power allocation function
fpow

(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
being

fpow
(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
=

σ2
d(

σ2
n + σ2

ICI +
(
ce

σ2
n+σ2

ICI
σ2
p

+ d
)
σ2
d

)

(15)

and the equalizer allocation function

fh (Gk,k) =
1

NleHm

(
GH

k,kGk,k

)−1

em

. (16)

It was shown in [21] that the post-equalization SINR of a
ZF equalizer is a random variable following a Gamma distri-
bution for a stationary channel. Therefore, when assuming a
stationary channel, the mean value of the equalizer allocation
function can be obtained analytically

σZF,G = E {fh (Gk,k)} . (17)

The value of σZF,G is equal to Nr − Nt + 1 if neglecting
antenna correlation [21], [22]. Inserting Equation (17) in
Equation (14), the average post-equalization SINR for a ZF
equalizer under imperfect channel knowledge is obtained as

¯̄γ = E {γ̄l} (18)

=
σ2
d

(σ2
n + σ2

ICI + σ2
eσ

2
d)

σZF,G.

C. Optimal Pilot-Symbol Pattern

In [23], it was shown that for channel estimation of dou-
bly selective channels with a given pilot-symbol overhead,
diamond-shaped pilot-symbol patterns were optimal in terms
of channel estimation MSE. It is, however, not shown how
to choose distance parameters of the diamond-shaped pilot-
symbol pattern. Figure 1 shows an example of such a diamond-
shaped pilot-symbol pattern. Diamond-shaped pilot-symbol
patterns can be decomposed into two patterns with pilot-
symbols equi-spaced in time and in frequency directions with
distances Dt and Df , respectively. These two patterns with
equi-spaced pilots are separated from each other by �Dt

2 � in
the time direction and by �Df

2 � in the frequency direction.
Therefore, a diamond-shaped pattern is fully described by
two variables Df and Dt. Figure 1 shows an example of
a diamond-shaped pilot-symbol pattern with Df = 10 and
Dt = 4.
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pilot symbol data symbol

Dt

Df

�Dt/2�

�Df/2�

Fig. 1. Example of a diamond-shaped pilot-symbol pattern.

Considering only diamond-shaped pilot-symbol patterns, we
continue our investigation and show which diamond patterns
in combination with power distribution among the pilot- and
the data-symbols are optimal. The provided framework is not
limited solely to this pilot-pattern family. We consider only
the diamond-shaped patterns in order to limit the number of
possible pilot patterns.

The coefficient ce from Equation (7) is purely determined by
the pilot-symbol pattern and interpolation error d additionally
depends on the channel autocorrelation function. Therefore,
from this point on, we use the following notation ce (Df , Dt)
and d (Df , Dt,Rh), in which the variable Rh represents the
channel autocorrelation matrix.

Figure 2 shows an exemplarily behavior of the coefficient
ce (Df , Dt) versus the distance between two adjacent pilot-
symbols in one dimension while the distance in the second
dimension is fixed. Let us first consider a case, in which the
distance in the time direction between adjacent pilot-symbols
Dt is fixed and the distance in the frequency direction is
varied. This case corresponds to the dashed blue curve in
Figure 2. The behavior is intuitive to understand up to a certain
distance. With an increasing distance between pilot-symbols
Df , the variable ce (Df , Dt) is also increasing. The curve is not
perfectly smooth due to the required extrapolation for points
outside the diamond shape. The pilot pattern is always located
in a symmetric position with respect to the center of the time-
frequency grid. Due to the centralization of the pilot pattern,
the number of the points outside of the diamond shape can
vary depending on the distance parameters of the diamond pat-
tern. Consider a case, in which increasing the distance between
pilot-symbols in the frequency direction does not decrease
the amount of pilot-symbols in a given bandwidth. In such a
case, there are less data positions to extrapolate and therefore
the value of ce (Df , Dt) slightly decreases even though the
distance between the pilot-symbols is increased. This effect is
even more identifiable when the variable Df becomes larger
and the amount of the data positions to extrapolate becomes
significant compared to the number of the total data-symbols.
Therefore, at higher values of Df , we observe a sawtooth curve
behavior of the variable ce (Df , Dt). If Df is increased by one
and the variable ce (Df , Dt) changes from a local minimum

0 10 20 30 40 50 60
0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

c e

Dt Df

LS channel estimator

Df
Dt

Fig. 2. The red solid curve represents the coefficient ce (Df , Dt) versus
Dt while keeping Df = 7. The blue dashed curve shows the behavior of the
coefficient ce (Df ,Dt) versus Df while keeping Dt = 7. Both curves are
shown for an LS channel estimator.

to a local maximum, the amount of the pilot-symbols in the
frequency direction is decreased by one. This behavior can
be clearly observed in the red solid curve in Figure 2, which
shows the value of the variable ce (Df , Dt) versus Dt while
keeping Df fixed. The sawtooth behavior originates from the
fact that we consider only 14 OFDM symbols in order to
be able to consistently compare the proposed system with
a conventional LTE system. Therefore, the number of data
positions to extrapolate is always significant compared to
the total number of data positions. Note that the maximum
distance between pilots in the time direction is 26. This
distance value ensures that at least two pilot-symbols in the
time direction are utilized within the considered 14 OFDM
symbols.

Figure 3 shows the behavior of the interpolation error
d (Df , Dt,Rh) for a varying distance in the frequency di-
rection while the distance in the time direction is fixed (blue
dashed line) and the corresponding case, in which the distance
in the time direction is varied while the distance in the
frequency direction is fixed (red solid line). The behavior
of both curves is intuitive to understand, as an increase in
the distance in either direction causes an increase in the
interpolation error. Note that the interpolation error depends
on the second-order statistics of the channel. If the correlation
is strong, the interpolation error is small [24]. Figure 3 shows
a bound on the best performance of an LS estimator for a
Doppler frequency of 350 Hz under the VehA channel model.
Even if no noise and no ICI are present, the overall MSE is
equal to d (Df , Dt,Rh), as can be inferred from Equation (7).

At this point, we can analytically express the performance
of a linear channel estimator as a function of Df and Dt for
diamond-shaped pilot-symbol patterns. With this knowledge
it is possible to maximize the average post-equalization SINR
in Equation (14) simply by maximizing the power allocation
function in Equation (15) [10]. However, the optimal values
of Df and Dt and the optimal power distribution between
the pilot- and the data-symbols cannot be found exclusively
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Fig. 3. The red solid curve represents the interpolation error d (Df ,Dt,Rh)
versus Dt while keeping Df = 7. The blue dashed curve shows the behavior
of the interpolation error d (Df , Dt,Rh) versus Df while keeping Dt = 7.
Both curves are shown for an LS channel estimator and VehA channel model
for a Doppler frequency of 350 Hz..

by maximizing the post-equalization SINR. Such an approach
leads to a solution with small distances between adjacent
pilot-symbols in the time and frequency directions, which
would decrease the available bandwidth for data transmission.
Therefore, another cost function is required that includes a
penalty due to the bandwidth occupied by the pilot-symbols.
The constrained capacity is a natural choice for the new cost
function since it provides a more accurate estimate of the
expected throughput than capacity [25], [26]

C = B (Df , Dt) log2 (1 + γl) , (19)

where B (Df , Dt) is the bandwidth utilized for the data trans-
mission which clearly depends on the number of employed
pilot-symbols. The constrained capacity in Equation (19) is
realistic as a waterfiling solution for a temporally changing
channel is not feasible. Note also that for typically measured
frequency selective MIMO channels, the difference between
the waterfilling solution (capacity) and the proposed con-
strained version is very small [27]. The impact of given
precoding matrices can be included in the channel estimation,
as we consider here. Variable γl represents the instantaneous
post-equalization SINR. However, Equation (19) cannot be
directly utilized as a cost function, since it would require
the knowledge of the instantaneous channel matrix and its
estimation error. These are however not available and thus
we utilize an ergodic capacity in terms of its expectation
value. Such ergodic capacity requires the a-priori knowledge
of statistics and is in general difficult to evaluate. However,
its upper bound [28] obtained by applying Jensen’s inequality
when inserting the mean post-equalization SINR ¯̄γ from Equa-
tion (18) in the constrained capacity expression Equation (19),
results in

C ≤ C̄, (20)

C̄ = B (Df , Dt) log2 (1 + ¯̄γ) , (21)

= B log2
(
1 + fpow

(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
σZF,G

)
. (22)

Due to space limitations, we omit the dependency of the

variables B (Df , Dt), ce (Df , Dt), and d (Df , Dt,Rh) on the
variables Dt, Df , and Rh in the above equations. The ul-
timate target from physical-layer perspective is to maximize
throughput. As throughput is very difficult if not impossible
to track analytically [26], we require an alternative analytical
performance measure that allows to predict throughput in
the best way possible. The presented upper bound of the
constrained capacity fulfils these requirements.

In this work we consider a case in which the entire available
power is utilized for the transmission, and therefore, σ2

d and
σ2
p can be expressed in terms of the variable poff defined as

the ratio between the power of the pilot-symbols and of the
data-symbols

poff =
σ2
p

σ2
d

. (23)

Consequently, the variables σ2
d and σ2

p can be expressed in
terms of the variable poff and the numbers of the pilot- and
data-symbols as

σ2
p =

Np +Nd

Nd

poff
+Np

= poffσ
2
d, (24)

σ2
d =

Np +Nd

Nd +Nppoff
. (25)

Therefore, the cost function depends on only three variables
poff , Dt, and Df for a given channel autocorrelation matrix
Rh. With the cost function defined in Equation (22), we can
formulate the optimization problem as

maximize
poff ,Dt,Df

C̄ (poff , Dt, Df)

subject to Ndσ
2
d +Npσ

2
p ≤ constant

B (Df , Dt) ≤ constant

(26)

To solve the above optimization problem, we first find
numerically the optimal value of poff for all possible combina-
tions of the variables Df and Dt. Consequently, we maximize
the cost function over the variables Dt and Df in order to find
the optimal triple (poff , Dt, Df).

Figure 4 illustrates the number of the pilot-symbols in opti-
mal pilot-symbol patterns as a function of Doppler frequency
with granularity of 50 Hz, for a fixed Channel Quality Indi-
cator (CQI) 7 corresponding to an Additive White Gaussian
Noise (AWGN)-equivalent SNR of 4.6 dB for various numbers
of transmit antennas. The optimal number of pilot-symbols is
increasing with increasing Doppler frequency. The required
amount of pilot-symbols is also increased when multiple
transmit antennas are utilized, since more channel coefficients
have to be obtained by the channel estimator. Note that in the
given bandwidth of 1.4 MHz an LTE-compliant system utilizes
48 pilot-symbols in the case of a single transmit antenna, 96
and 144 pilot-symbols in the cases of two and four transmit
antennas, respectively.

D. Adaptive Pilot Pattern

In this subsection, we describe the concept of adaptive pilot
patterns and briefly explain how to choose pilot patterns to
allow a simple implementation into already existing standards.
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Fig. 4. Number of the pilot-symbols in optimal pilot-symbol patterns as a
function of Doppler frequency for a fixed SNR and RMS delay spread of
400 ns for various numbers of transmit antennas.

Let us consider an LTE system for a moment. This system
for wireless transmission allows to adapt coding rate, modula-
tion alphabet, precoding and some other important parameters
of the transmission according to the quality of the channel.
The main idea in LTE is the usage of the so-called CQI
that is reported by the user equipment back to an eNodeB.
The CQI is not only a measure of the channel quality, it
also defines two important transmission properties, the coding
rate and the modulation alphabet. There are 15 different CQIs
defined in LTE. The CQI corresponds to an AWGN equivalent
SNR value of a channel realization. Therefore, for each CQI
value, an optimal pilot pattern should be defined. This allows
to distinguish various SNR values without any additional
feedback.

We propose to define 15 different pilot-symbol patterns
each one corresponding to one of the 15 different CQIs and
avoid to create any additional overhead to the already existing
feedback. Therefore, if CQI ”1” is transmitted, the first pilot-
symbol pattern is utilized, and so on. Such an approach avoids
the necessity of an extra feedback for the pilot-symbol pattern,
but with such zero overhead we fail to distinguish specific
channel types with different temporal or frequency dispersion.

In order to allow the pilot pattern to adapt to varying
user mobility, pilot patterns for various Doppler spreads (user
velocities) have to be defined [29]. In [30], it was shown
that in order to support various Doppler frequencies up to
1200 Hz with adaptive pilot-patterns, it is sufficient to divide
the support range into four bins and define only one pilot
pattern for each bin. Additionally, it was also shown that
in order to support channels with an RMS delay spread up
to 800 ns, it is sufficient to divide the given range into four
bins and define an optimal pilot pattern for each bin. These
additionally defined pilot patterns require four bit of extra
feedback if coded brute forcely. Since the pilot-symbol pattern
is used across the entire transmission bandwidth, the amount
of required feedback bits is negligible compared to the amount
required by other narrow-band feedback indicators (CQI, rank
indicator, precoding matrix indicator).

E. Complexity

Based on the above considerations about feedback require-
ments of the proposed adaptive pilot pattern scheme, it is
required to generate 15 · 4 · 4 · 3 = 720 different pilot patterns
if applied in LTE to support 15 different SNR values, four
different Doppler frequency regions, four different RMS delay
spread regions and three different transmit antenna setups. Let
us stress again, only four additional wide-band feedback bits
would be required in LTE [30], owing to the already provided
feedback. Since we utilized an upper bound of the constrained
capacity as the cost function, the optimal pilot patterns are
independent of the actual channel realization and therefore
they can be calculated off-line.

In general, we need to consider the complexity requirements
at the transmitter and at the receiver. At the receiver two
additional estimators are required compared to an OFDM
system with a fixed pilot pattern; an estimator on Doppler
frequency and an estimator on RMS delay spread. Note
that since only four bins are required to support Doppler
frequencies up to 1200 Hz and only four bins to support an
RMS delay spread up to 800 ns, very course estimators are
sufficient. Therefore, the extra complexity is negligible. At the
transmitter, an evolved frame-builder is required that supports
different placements of pilot-symbols. Its complexity is higher
compared to a standard frame-builder. The complexity of such
a frame-builder is not within the scope of this paper.

IV. SIMULATION RESULTS

In this section, we present simulation results and com-
pare performance of a transmission system employing the
proposed adaptive pilot patterns with an LTE transmission
system under doubly selective channels. All results are ob-
tained with the Vienna LTE Link Level Simulator ver-
sion ”r1089” [16], [17], which can be downloaded from
www.nt.tuwien.ac.at/ltesimulator. All data, tools and scripts
are available online [18] in order to allow other researchers
to reproduce the results shown in this paper. In all figures
that show simulations results, we plot 95% confidence in-
tervals to indicate the precision of the presented simulation
results. Note that the simulator performs all routines according
to the standard [19]. We utilize a channel model with an
exponentially decaying power delay profile with a variable
RMS delay spread. This allows us to consider channels with
different amounts of frequency selectivity. In order to generate
channels with an arbitrary RMS delay spread, we utilized
the model presented in [31]. For generating channels with
an arbitrary Doppler spread, we utilized the modified Rosa
Zheng model, presented in the appendix of [32]. In order
to investigate the performance of the proposed solution, we
show throughput simulation results. We decided to show this
performance metric, because we believe that from a physical-
layer point of view, throughput is the metric that is of the
most importance for service providers and service users. We
define throughput as the number of data bits in a successfully
decoded transport block per time unit. This definition reflects
the fact that a transport block is discarded if its forward error
mechanism cannot recover from its bit errors.

Table II presents the most important simulator settings.
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TABLE II
SIMULATOR SETTINGS

Parameter Value
Bandwidth 1.4 MHz

Number of transmit antennas 1, 2, 4
Number of receive antennas 1, 2, 4

Receiver type ZF
Transmission mode Open-loop spatial multiplexing

MCS adaptive
carrier frequency 2.5 GHz
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Fig. 5. Throughput comparison between an LTE compliant system with
a system utilizing adaptive pilot-symbol patterns for various numbers of
transmit and receive antennas at a fixed Doppler frequency of 200 Hz and
a fixed RMS delay spread of 400 ns.

Figure 5 shows throughput curves for two different wireless
transmission systems. The solid curves represent an LTE
compliant system for various numbers of transmit and receive
antennas. The dashed lines represent a system that is the
same in all aspects as the LTE system except for the utilized
pilot-symbol patterns. The second system utilizes the adaptive
pilot-symbol patterns as proposed in Section III. The adaptive
pilot-symbol pattern consists of 15 different pilot patterns,
each associated with a single CQI value. Note that the pilot
patterns were designed based on the framework introduced
in Section III-C for a channel with an RMS delay spread of
400 ns and a fixed Doppler frequency of 200 Hz. In LTE, the
amount of pilot-symbols located at the third and fourth antenna
is only half of the number of pilot-symbols located on the first
and second transmit antennas. The pilot-symbol reduction is
achieved by removing pilot-symbols in the time dimension.
Therefore, the throughput for a 4 × 4 transmission system is
more significantly improved when employing adaptive pilot
patterns compared to 1× 1 and 2× 2 transmission systems.

Figure 6 shows the achieved relative throughput gain versus
SNR of the transmission system utilizing adaptive pilot-
symbol patterns compared to the LTE-standard compliant
system. The throughput gain is larger for lower SNR values,
in which a precise channel estimate can be obtained via power
increase at the pilot-symbols. The gain in Figure 6 is decreas-
ing with increasing SNR since the relative improvement of
the channel estimation quality compared to an LTE system is
more significant for lower SNR values. The throughput gain
of a 1×1 system at an SNR of 30 dB is close to zero, therefore
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Fig. 6. Throughput gain as a function of SNR of a system utilizing adaptive
pilot-symbol patterns relative to an LTE compliant system for various numbers
of transmit and receive antennas at a fixed Doppler frequency of 200 Hz and
a fixed RMS delay spread of 400 ns.

we can conclude that the LTE pilot pattern is close to optimal
for such a situation. The gain of a 4× 4 system at low SNR
values is infinitely large, since the standard compliant LTE
system shows zero throughput in this SNR region.

Figure 7 shows throughput curves as function of Doppler
frequency with a fixed SNR of 14 dB and a fixed RMS
delay spread of 400 ns for two different wireless transmission
systems. The solid curves represent an LTE compliant system
for various numbers of transmit and receive antennas. The
dashed lines represent a system that is the same in all aspects
as the LTE system besides the utilized pilot-symbol pattern.
The second system utilizes the adaptive pilot-symbol pattern
as proposed in Section III. We generated a pilot pattern for
each CQI value with Doppler frequency granularity of 50 Hz.
An LTE system utilizing a 4× 4 antenna setup delivers poor
performance at high velocities. This is caused by the sparse
pilot-symbols over the time dimension at the third and fourth
antennas. A significant improvement of the system utilizing
adaptive pilot patterns when transmitting with four antennas
can be explained by the placement of additional pilot-symbols
in the time dimension that improves the quality of the channel
estimates.

Figure 8 shows the achieved relative throughput gain as
function of Doppler frequency for the transmission system
utilizing adaptive pilot-symbol patterns when compared to
the LTE-standard compliant system. With increasing Doppler
frequency, the throughput gain increases for all antenna con-
figurations. Throughput is increased approximately by 100%
for 1 × 1 and 2 × 2 systems at high Doppler frequency and
for a 4× 4 system throughput is more than 850% higher than
in an LTE-standard compliant system.

In Figure 9, throughput versus RMS delay spread for
LMMSE and LS channel estimators for a time-invariant
channel (at a Doppler frequency of 0 Hz) is shown. The
throughput of all presented curves is approximately constant
with a slight decrease when the RMS delay spread increases.
The dashed lines represent transmission systems employing
LTE pilot patterns. These systems are always outperformed
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by the corresponding systems utilizing optimal pilot patterns
(solid lines). The throughput gain when applying optimal
pilot patterns compared to LTE pilot patterns for an LMMSE
channel estimator is approximately 2.5% at an SNR of 14 dB
and 4.5% at an SNR of 30 dB. The gain when utilizing optimal
pilot patterns for an LMMSE channel estimator is significantly
lower than for an LS channel estimator, especially for an SNR
of 14 dB. It is remarkable that the throughput of optimal pilot
patterns for LS and LMMSE channel estimators is almost
identical with a small performance gain when applying an
optimal LMMSE channel estimator. Therefore, when utiliz-
ing the proposed adaptive pilot patterns under time-invariant
channels, the performance of an optimal LMMSE estimator
can almost be achieved by an LS channel estimator of lower
complexity.

Figure 10 displays the throughput as a function of Doppler
frequency for LMMSE and LS channel estimators at a fixed
RMS delay spread of 400 ns and an SNR of 14 dB and 30 dB.
The throughput of all considered systems decreases with an
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increasing Doppler frequency. The most significant throughput
decrease occurs when employing LS channel estimators under
LTE fixed pilot patterns. When utilizing an LMMSE channel
estimator instead, the performance is significantly improved
compared to an LS channel estimator. The gain obtained
via adaptive pilot patterns for an LMMSE channel estimator
ranges between 2% and 7% at an SNR of 14 dB and between
3% and 15% at an SNR of 30 dB. The system throughput for a
low complex LS channel estimator with the proposed adaptive
pilot patterns is close to the system with a fixed LTE pilot
pattern employing a high complex LMMSE channel estimator.
Therefore, we can conclude that with the proposed adaptive
pilot patterns, it is possible to decrease the computational
complexity at the receiver side while almost achieving the
performance of an LMMSE channel estimator with fixed pilot
pattern. In [20], throughput comparisons of various linear
channel estimators is provided.

V. CONCLUSIONS

In this work, we showed how to design optimal pilot-
symbol patterns with an optimal power distribution among
the pilot- and the data-symbols for doubly selective channels.
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We utilized an upper bound of the constrained capacity based
on the post-equalization SINR including channel estimation
errors. With this relatively simple framework, pilot-symbol
patterns can be designed for a given second-order statistics of
the channel. Furthermore, we proposed a so-called adaptive
pilot-symbol patterns that adjusts to the changing channel
statistics. We present a throughput comparison between an
LTE-standard compliant system with a system utilizing the
proposed adaptive pilot-symbol patterns supporting a Doppler
frequency up to 1200 Hz and an RMS delay spread up to
800 ns with only four additional wide-band feedback bits.
The system utilizing adaptive pilot pattern outperforms an
LTE-standard compliant system in all considered situations.
The performance gain for an SISO system ranges between
3% and 80% depending on the considered scenario. For a
4×4 transmission system the performance gain is significantly
higher and can reach up to 850% compared to a conventional
LTE system.
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