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Abstract—Adaptive pilot patterns offer high throughput gains.
However, their application requires additional feedback. In this
paper, we investigate the feedback requirements for adaptive pilot
patterns applied in Multiple Input Multiple Output Orthogonal
Frequency Division Multiplexing systems. The main goal is to
support a wide range of Doppler spreads and Root Mean Square
(RMS) delay spreads while keeping the number of allowed pilot
patterns at a minimum. Based on our simulation results, we show
that only four bits of additional wide-band feedback per user are
required in order to optimally support RMS delay spreads up to
800 ns and Doppler frequencies up to 1200 Hz.

Index Terms—LTE, OFDM, MIMO, adaptive transmission
system, feedback.

I. INTRODUCTION

Current standards for wireless communications typically
utilize fixed pilot-symbol patterns for the purpose of channel
estimation. Such an approach provides a high level of system
robustness, if the pilot-symbol patterns are designed properly.
At the same time, however, resources such as power and
bandwidth are devoted solely for channel estimation and
therefore limit the throughput of the system.

A. Related Work

A summary of various pilot-symbols design methods is
provided in [1]. The earliest methods aimed to minimize the
Mean Square Error (MSE) of a channel estimator [2, 3].
The authors of [2, 3] showed that equi-powered, equi-spaced
pilot-symbols lead to the lowest MSE. The authors of [4, 5]
proposed a design pattern that maximized the channel capacity.
There are many different approaches for designing pilot-
symbol patterns based on the minimization of Bit Error Ratio
(BER) [6] or Symbol Error Ratio (SER) [7].

Simeone and Spagnolini [8] proposed adaptive pilot-symbol
patterns in Orthogonal Frequency Division Multiplexing
(OFDM) systems. However, the proposal was supported by a
relatively rough analysis and the authors recommended only a
”greedy” solution. The authors of [9] and [10] showed how to
design optimal pilot-symbol patterns under frequency-selective
and time-variant channels, respectively.

B. Contribution

The main contributions of this paper are:

• We propose adaptive pilot-symbol patterns that can be
utilized in modern OFDM based systems for wireless
communications such as Long Term Evolution (LTE).

• We investigate a trade-off between the required feedback
and the granularity of the design variables.

• As with our previous work, all data, tools, as well
implementations needed to reproduce the results of this
paper can be downloaded from our homepage [11].

The remainder of the paper is organized as follows. In
Section II, we describe the mathematical system model for
transmitting pilot- and data-symbols over a Multiple Input
Multiple Output (MIMO) channel. We summarize the op-
timization problem for optimal pilot-symbol pattern design
and the main ideas of the adaptive pilot-symbol patterns in
Section III. In Section IV, we investigate the feedback require-
ments for the proposed adaptive pilot-symbol patterns. Finally,
we present simulation results in Section V and conclude our
paper in Section VI.

II. SYSTEM MODEL

In this paper, we consider a simple MIMO OFDM trans-
mission system. The received symbol vector yk at a subcarrier
k can be stated as:

yk = HkWksk + nk +
∑
m 6=k

Hk,mWmsm︸ ︷︷ ︸
ICI

. (1)

The matrix Hk,m ∈ CNr×Nt denotes a MIMO channel matrix
between the k-th and m-th subcarrier. The matrix Wk is a
unitary precoding matrix of size Nt × Nl. The variables Nr,
Nt, and Nl represent number of receive antennas, number
of transmit antennas, and number of transmission layers,
respectively. The vector sk consists of the data-symbols of
all layers at the k-th subcarrier. The vector nk represents
additive white Gaussian zero-mean noise with variance σ2

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

Gk = HkWk. (2)

The total power transmitted at each data-symbol is σ2
d, while

that at each pilot-symbol is denoted by σ2
p. Note that a varying
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Signal to Noise Ratio (SNR) value is reflected by a varying
variance of the noise vector. Number of pilot- and data-
symbols are denoted by Np and Nd.

A. Channel Estimation
In [12], it is shown that the MSE of a linear channel

estimator can be stated as follows

σ2
e = ce

σ2
n + σ2

ICI

σ2
p

+ d, (3)

where the variables ce and d are real constants that determine
the performance of the considered linear channel estimator. In
this paper, we consider Inter Carrier Interference (ICI) caused
by channel variations and its power is denoted by σ2

ICI. The
value of the constant ce can be obtained from [12]

ce =
1

Nd

Nd∑
j=1

∑
i∈Pj

w2
j,i, (4)

and the value of the channel saturation coefficient d is given
by [12]

d = (5)

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 the 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.
Throughout this paper, we apply two-dimensional linear in-
terpolation between the channel estimates at the pilot-symbol
positions.

B. Post-equalization SINR
In [13], the expression for the average post-equalization

Signal to Interference and Noise Ratio (SINR) of a Zero
Forcing (ZF) equalizer at the l-th transmission layer was
derived as

γ̄l =
σ2

d

Nl (σ2
n + σ2

ICI + σ2
eσ

2
d) eH

l

(
GH
kGk

)−1
el
, (6)

where the variable σ2
e represents the variance of the channel

estimation error. The vector el is a all-zero vector with a one
located at the layer l. Its purpose is to extract the desired
channel power. In Equation (6), we assumed that the available
data power σ2

d is evenly distributed between individual layers.
Furthermore, we include a-priori knowledge about the channel
estimation performance into the SINR expression of a ZF
equalizer by inserting Equation (3) in Equation (6). Then, we
decompose the expression into two parts

γ̄l = fh (Gk) fpow

(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
, (7)

where the so-called power allocation function
fpow

(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
is

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

)
(8)

and the equalizer allocation function is given by

fh (Gk) =
1

NleH
m

(
GH
kGk

)−1
em

. (9)

III. ADAPTIVE PILOT-SYMBOL PATTERNS

In this section, we summarize design principles of pilot-
symbol patterns maximizing the channel capacity. Further-
more, we explain the usage of adaptive pilot-symbol patterns
that adjust to the varying channel conditions.

In [8], the usage of adaptive pilot-symbol patterns was
proposed. Such an approach allows to vary the amount of the
pilot-symbols according to requirements.

In [14], it is shown that for channel estimation of double
selective channels, 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 pilot-symbols are separated from
each other by dDt

2 e in the time direction and by dDf

2 e 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.

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 between the pilot- and
the data-symbols are optimal.

The coefficient ce from Equation (3) is purely determined
by the pilot-symbol pattern and the coefficient 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.

At this point, we can analytically express the performance
of the Least Squares (LS) channel estimator as a function
of Df and Dt for diamond-shaped pilot-symbol patterns.
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A cost function is required that includes a penalty due to
the bandwidth occupied by the pilot-symbols. The channel
capacity is thus a natural choice for the new cost function [15]

C = B (Df , Dt) log2 (1 + γ̄l) , (10)

where B (Df , Dt) is the bandwidth utilized for the data
transmission which clearly depends on the number of used
pilot-symbols. Inserting the post-equalization SINR into the
capacity expression allows to consider the effect of the channel
estimation error and power allocation in a very straightforward
manner. The average post-equalization SINR Equation (7) can
be multiplicatively decomposed into two parts, the channel
independent power allocation function in Equation (8) and
the equalizer allocation function in Equation (9). In order to
maximize the channel capacity without taking into account the
current channel realization, we assume a stationary channel.
It is shown in [16] that the post-equalization SINR of a ZF
equalizer is a random variable following a Gamma distribution.
Therefore the mean value of the equalizer allocation function
can be obtained analytically

σZF,G = E {fh (Gk)} . (11)

The value of σZF,G is equal to Nr − Nt + 1 if neglecting
antenna correlation [16]. Inserting the mean value of the equal-
izer allocation function in the channel capacity expression we
obtain an upper bound by applying Jensen’s inequality

C̄ = B log2

(
1 + fpow

(
ce, d, σ

2
d, σ

2
p, σ

2
n

)
σZF,G

)
. (12)

Due to the space limitations, in the above equations 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 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

d

σ2
p

. (13)

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

poffNd +Np
, (14)

σ2
d =

Np +Nd

Nd +
Np

poff

= poffσ
2
p. (15)

Therefore, the channel capacity in Equation (12) depends only
on the triple (poff , Dt, Df ) for a given channel autocorrelation
matrix Rh.

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
(16)

To solve the above optimization problem, we first find nu-
merically the optimal value of poff for all possible combination
of Df and Dt. Afterward, we maximize the cost function over
the variables Dt and Df in order to find the optimal set of the
variables poff , Dt and Df .

IV. FEEDBACK

In this section, we deal with designing minimal feedback for
our adaptive pilot-symbol patterns. In the previous section, we
demonstrated how to design an optimal pilot-symbol pattern
for a given SNR value and a given channel autocorrelation
matrix. The channel autocorrelation matrix can be decomposed
into a time correlation matrix and a frequency correlation
matrix. These two correlation matrices depend on the Root
Mean Square (RMS) delay spread and maximum Doppler
spread, respectively. Therefore, an optimal pilot-symbol pat-
tern is determined by SNR, Doppler frequency, and RMS delay
spread values.

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 Channel
Quality Indicator (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 Additive White Gaussian Noise (AWGN) equivalent
SNR value of a channel realization (AWGN equivalent SNR
corresponds to a system in which the effect of the channel
fading and also of additive noise are modeled solely by
additive noise with an unitary channel). Therefore, for each
CQI value, an optimal pilot pattern should be defined. In this
way, we do not create any additional feedback overhead, since
the feedback for CQI is already implemented in the standard
feedback channel.

In order to allow the pilot pattern to adapt to varying user
mobility, pilot patterns for various Doppler spreads (user ve-
locities) have to be defined. In the next section, we investigate
a number of different pilot-symbol patterns required to support
a wide range of Doppler spreads. A typical LTE system shall
support users moving with velocities up to 500 km/h, which
corresponds a Doppler frequency of approximately 1150 Hz
at a carrier frequency of 2.5 GHz. Therefore, we divide the
range of the Doppler frequencies between 0 and 1200 Hz into
F bins and for each bin, we define an optimal pilot-symbol
pattern defined for the middle value of the corresponding bin.

Finally, in order to allow the pilot-symbol patterns to adapt
to frequency selectivity of the channel, optimal pilot-symbol
patterns have to be designed for different values of RMS delay
spread. Typical values of RMS delay spread range between 0
and 800 ns. We divide this range of RMS delay spread into
T bins and for each bin, we define an optimal pilot-symbol
pattern defined for the middle value of the corresponding bin.
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TABLE I
SIMULATOR SETTINGS

Parameter Value
Bandwidth 1.4 MHz

Number of transmit antennas 1
Number of receive antennas 1

Receiver type ZF

Since the same pilot-symbol pattern is used for the en-
tire transmission bandwidth, the extra feedback require-
ments caused by the adaptive pilot-symbol patterns are
log2 (F ) log2 (T ) bits, if coded brute forcely. In case of a multi
user transmission, log2 (F ) log2 (T ) bits need to be reserved
for each user. Note that since a single pilot-symbol pattern is
used across the entire transmission bandwidth, its feedback
requirements are negligible compared to other narrowband
feedback indicators such as CQI, Precoding Matrix Indicator
(PMI), and Rank Indicator (RI).

V. SIMULATION RESULTS

In this section, we present simulation results and compare
the throughput of a system using adaptive pilot-symbol pat-
terns with different bin granularity, against a system using
a pilot-symbol pattern defined by LTE standards and unit
distribution of power between data and pilot symbols. All
data, tools and scripts are available online [11] in order to
allow other researchers to reproduce the results shown in this
paper. Table I shows the most important simulator setting using
the Vienna LTE simulator [17]. In order to generate channels
with an arbitrary RMS delay spread, we utilized the model
presented in [18]. For generating channels with an arbitrary
Doppler spread, we utilized the modified Rosa Zheng model,
presented in the appendix of [19].

Figure 2 illustrates throughput as a function of RMS delay
spread for a fixed Doppler frequency of 0 Hz and a fixed
SNR of 14 dB and 30 dB. The blue dashed curve represents
performance of a system utilizing a fixed LTE standard
compliant pilot-symbol pattern. The throughput of an LTE
compliant system slightly decreases with increasing RMS
delay spread. The blue solid curve shows the throughput of a
system utilizing a perfect adaptive pilot-symbol pattern. Such
a system outperforms an LTE system in the whole considered
RMS delay range. The green solid curve represents a system
utilizing adaptive pilot-symbol pattern, but in contrast to the
previous case, the RMS delay spread range is divided into
two bins, and optimal pilot-symbol patterns generated for
the middle points are utilized in the corresponding bins. The
performance of such a system at SNR of 14 dB is the same is
in the perfect case. However, we observe a throughput drop of
such a system at SNR of 30 dB. Therefore, we divide the RMS
delay spread range into four bins. Such a system is represented
by the red solid curve. The performance of such a system
is the same as if the range is divided into 16 different bins.
Therefore, we conclude that in order to support various RMS
delay values, two bits of extra feedback are required.

Figure 3 shows throughput over Doppler frequency for a
fixed RMS delay spread of 400 ns at a fixed SNR of 14 dB
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Fig. 2. Throughput as a function of RMS delay spread for a fixed Doppler
frequency of 0 Hz and fixed SNR values of 14 and 30 dB.

and 30 dB. The blue dashed curve represents performance
of a system utilizing a fixed LTE standard compliant pilot-
symbol pattern. The throughput of an LTE compliant system
decreases with increasing Doppler frequency. At a Doppler
frequency of 1200 Hz, the throughput of an LTE system drops
approximately by half compared to the throughput at a Doppler
frequency of 0 Hz. The blue solid curve shows the throughput
of a system utilizing an adaptive pilot-symbol pattern. The
applied adaptive pilot-symbol pattern consist of pilot-symbol
patterns defined for every simulation point. The performance
loss with increasing Doppler frequency is less significant than
the loss experienced by the LTE system. The red dotted curve
represents a system utilizing adaptive pilot-symbol pattern, but
in contrast to the previous case, the Doppler range is divided
into four bins, and optimal pilot-symbol patterns generated for
the middle points are utilized in the corresponding bins. The
system using only four different patterns in the considered
Doppler spread range shows the same performance as the
competitive system utilizing a much higher number of pilot-
symbol patterns. When dividing the Doppler frequency range
into two bins, represented by the green solid curve, we observe
throughput loss compared to the perfect case. Therefore, we
can conclude that for the considered situation of a fixed SNR
of 14 dB and a fixed RMS delay spread of 400 ns, only two
bits of extra feedback is required, i.e., F = 4.

VI. CONCLUSION

In this paper, we introduced adaptive pilot-symbol patterns
that adjust density of the pilot-symbols and the pilot-symbol
power according to the channel statistics. The performance of
a system utilizing such an adaptive pilot-symbol pattern can be
significantly improved compared to a system utilizing a fixed
pilot-symbol pattern. Furthermore, we investigate feedback
requirements that on one hand allow to design only a small
number of different pilot-symbol patterns, but on the other
hand do not limit the performance of the system compared
to the optimal case. Based on the simulation results, we
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Fig. 3. Throughput as a function of Doppler frequency for a fixed RMS
delay spread of 400 ns and fixed SNR values of 14 and 30 dB.

conclude that four different pilot-symbol patterns are required
to distinguish various RMS delay spread regions and four
different pilot-symbol patterns to support a range of Doppler
frequencies up to 1200 Hz. Therefore, in order to implement
adaptive pilot-symbol patterns, each user requires only four
bits of extra wide-band feedback. This number is negligible
as compared to other narrow-band feedback indicators.
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