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Abstract—Due to the pilot structure, channel interpolation in
the LTE uplink is a challenging problem in fast fading scenarios.
In this paper different channel interpolation methods that include
channel estimates from the previous and from the subsequent
subframe are compared to methods using only one or two channel
estimates from the actual subframe. The presented results are
obtained by measurements performed on a wireless testbed that
allows for reproducible measurements at velocities of up to 400
km/h.

channel interpolation. The additional delay that is introduced
by applying channel estimates from the subsequent subframe
is not considered.
This paper is organized as follows. In Section II the system
model and the interpolation methods under investigation are
described. The measurement and the underlying measurement
methodology is described in Section III followed by a discussion of the measurement results in Section IV.
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I NTRODUCTION

The modulation schemes in 3GPP Long Term Evolution (LTE) [1] are based on OFDM. Besides Inter-CarrierInterference (ICI) caused by Doppler shifts, the quality of
the channel estimation and interpolation has a strong influence
on the performance of OFDM systems in high mobility scenarios. In LTE, channel estimation is based on demodulation
reference symbols (pilots) which occupy resources according
to a defined pilot pattern. In the downlink, the pilot pattern
is a good trade-off between a small temporal and spectral
pilot spacing accounting for highly frequency selectiv channels
and fast fading channels and a rather small overhead. This
is different in the LTE uplink. While the modulation scheme
in the LTE downlink is OFDM, Single-Carrier-FDMA (SCFDMA) is applied in the uplink due to a smaller Peak-toAverage-Power-Ratio (PAPR) compared to OFDM. SC-FDMA
transmissions can be modeled as OFDM systems with data
symbols being precoded by an Discrete Fourier Transform
(DFT) before the actual OFDM modulation. The pilots for the
LTE uplink are Zadoff-Chu sequences occupying the whole
subband (see Fig. 1) having also a low PAPR. While there is
no need for channel interpolation over frequency, the temporal
spacing between adjacent pilot symbols is about twice as
large as in the downlink. Furthermore, if frequency hopping
is performed the number of adjacent pilots transmitted in a
certain subband is two for inter-subframe frequency hopping
and one for intra-subframe frequency hopping where frequency
hopping is performed on a per-slot basis. Due to this special
structure of pilot symbols, channel estimation in the LTE
uplink is a challenging problem. The authors of [2] proposed
an interpolation algorithm based on adaptive order polynomial
fitting to mitigate ICI, in [3] the polynomial basis expansion
model is employed and an autoregressive model is used to
improve the estimation accuracy.
Our novel idea is to include channel estimates from the
previous and from the subsequent subframe into the process of

S YSTEM MODEL

We consider a continuous single antenna transmission on
the LTE uplink with frequency hopping being disabled. Sounding reference symbols (SRS) and the physical uplink control
channel (PUCCH) are both not considered. Fig. 1 illustrates the
resulting time / frequency resource grid for three consecutive
resource blocks that consist only of data symbols and pilot
symbols. At the receiver side we perform a symbol-by-symbol
least squares (LS) channel estimation in the frequency domain
and calculate the zero forcing (ZF) equalizer using the different
interpolation methods under investigation. Although we do not
perform frequency hopping we also consider the cases where
only one or two pilot symbols are available.
•

Average: Averaging the channel estimates from pilot
positions p0 and p1 . In the static case this method
improves the channel estimation by 3 dB in terms of
signal-to-noise ratio (SNR) but averages over temporal
variations in the fast fading case.

•

1 point: Data symbols of slot n are equalized by
the channel estimates from pilot at position pn . This
subframe n
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Fig. 1: Resource grid of the LTE uplink. Due to SC-FDMA
modulation, symbols marked as data symbols are the DFTprecoded data symbols rather than the actual data symbols.

method is applicable in the case of intra-subframe
frequency hopping.
•

2 point linear: Linear interpolation and extrapolation
based on the estimates at pilot position p0 and p1 .
This method is applicable in the case inter-subframe
frequency hopping is performed but intra-subframe
frequency hopping is not activated.

•

4 point linear: Linear interpolation based on the
estimates at pilot position p-1 , p0 , p1 and p2 .

•

4 point spline: Spline interpolation based on the estimates at pilot position p-1 , p0 , p1 and p2 .

•

6 point spline: Spline interpolation using the estimates
from pilot positions p-2 to p3 .

The resulting equalizers are then applied in the frequency
domain on the DFT-precoded data sysmbols transmitted during subframe n in Fig. 1. The previous subframe and the
subsequent subframe are only considered to obtain additional
channel estimates.

TABLE I: M EASUREMENT PARAMETERS
Center frequency

2.506 GHz (λ ≈ 12 cm)

Velocities
Different channel
realizations

50, 100, 200 and 400 km/h

Transmission mode
Modulation and coding

M EASUREMENT

We were interested in a comparison in terms of physical
layer throughput of the different channel interpolation methods
described in Section II at different velocities and different
values of SNR. In order to omit the impact of feedback that is
usually necessary for link adaption in LTE, a brute-force approach [4] was used. Here all possible modulation and coding
schemes (MCS) are transmitted without considering the actual
channel quality. Although we are interested in a comparison of
different receiver techniques where the same received signals
are employed by different receiver implementations, the bruteforce approach as well as the comparison at different values
of SNR demands on transmissions of different transmit signals
and transmitting at different transmit powers over the same
time-varying channel. The major measurement parameters are
summarized in Table I.
A. Measurement setup
Measurements were performed by the Vienna MIMO
testbed [4] located at TU Wien in downtown Vienna, Austria.
This testbed consists of three transmitters located on different
rooftop locations using off-the-shelf sector antennas and a
receiver located indoors. Fig. 3 shows the setup where at the
receiver side we use a rotary unit [5], [6] developed at TU Wien
to generate fast fading conditions in a reproducible and fully
controllable way, which is necessary for repeated transmissions
over the same time-varying channels. Therefore the receive
antenna rotates around a central pivot at the desired velocity.
A light barrier which is connected to the trigger system [7] of
the testbed allows for precise timing of transmissions starting
at any desired angle of the receive antenna. The spatial length
∆z of the time varying channel is given by the length of one
LTE subframe of T=1 ms and the maximum velocity of v=400
km/h and calculates to ∆z=T·v≈11 cm. This corresponds to an
angle of about 6◦ for the arm the receive antenna is mounted on
having a length of 1 m. In order to generate different channel
realizations the whole rotary unit can be moved along two axis
within an area of about 3λ×2.2λ.

10 MHz LTE uplink, single antenna transmission,
normal cyclic prefix, all resources scheduled for a
single user, no SRS, no PUCCH
15 different MCSs according to the 15 different
Channel Quality Indicators defined in the standard
single antenna, LS channel estimation, ZF equalization
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Fig. 2: Transmitting over the same spatial channels allows for
a fair comparison at different velocities.

B. Measurement methodology
Both, the generation of transmit signals and the processing
of the received signals is based on the Vienna LTE uplink link
level simulator [8], [9]. In order to measure the physical layer
throughput using the brute-force approach one subframe for
any of the 15 different MCSs are pregenerated. Every subframe
is repeated three times for transmissions at the maximum
velocity of v=400 km/h whereas the central subframe n is
the subframe to be decoded and the neighboring subframes
n − 1 and n + 1 are included to obtain the additional channel
estimates. At half of the maximum velocity (200 km/h) two
subframes of interest (n) are transmitted over the desired channel (∆z) and so forth. Fig. 2 illustrates this idea of transmitting
over the same spatial channel at different velocities whereas
the number of subframes considered in the evaluation is given
by R (v) = 400
v .
C. Evaluation
As figure of merit for the comparison of different channel interpolation methods the physical layer throughput is
considered. Furthermore the SNR as well as the Signal-toInterference Ratio (SIR) and the Signal-to-Interference-plusNoise Ratio (SINR) as measures for the amount of ICI accured
are evaluated.
1) Physical layer throughput: By using the brute-force
approach perfect knowledge of the best performing MCS is
emulated for every channel realization and every value of transmit power by transmitting all different MCSs over the same
channel. The independent evaluation of all received signals
then yields a value of throughput Dm for every combination
of measurement parameters whereas k denotes the channel
realization, r being the temporal repitition, v the velocity, PTX
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Fig. 3: Measuremt setup in downtown Vienna, Austria: (a) The transmitter is located on a rooftop at TU Wien using an off-theshelf sector antenna. (b) The receiver is located indoors using a rotary unit to generate fast fading channels. The box illustrates
the area measurements were performed in.
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the transmit power and I the channel interpolation method. The
throughput Dm is maximized over the different MCSs by

D (v, I, PT X ) =

1 1
K R (v)

K R(v)
X
X

b m (k, r, v, I, PTX ) (2)
D

k=1 r=1

is obtained by averaging over all K different channel realizations and R (v) temporal repititions.
2) SIR, SINR and SNR: The power of each subcarrier is
estimated in the frequency domain whereas we obtain the
signal-plus-interference-plus-noise power PSIN at data subcarrier positions, the interference-plus-noise power PIN at the DC
subcarrier where no data is transmitted and the noise power PN
by measuring at the same subcarrier positions during a noise
gap when no signal is transmitted. These thereby obtained
power estimates are averaged similar to (2) seperately over all
channel realizations and temporal repititions. PSIN and PIN are
furthermore averaged over all different MCSs. The SIR then
calculates to
SIR (v, PTX ) =

P SIN (v, PTX ) − P IN (v, PTX )
,
P IN (v, PTX ) − P N (v, PTX )

(3)

P SIN (v, PTX ) − P IN (v, PTX )
P IN (v, PTX )

(4)

the SINR to
SINR (v, PTX ) =

and the SNR calculates to
SNR (v, PTX ) =

P SIN (v, PTX ) − P IN (v, PTX )
.
P N (v, PTX )
IV.

(5)

R ESULTS

The conditions in terms of SIR, SINR and SNR under
which the measurement was performed are shown in Fig. 4.
Due to the methodology described in Section III-B the SNR
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Fig. 4: Measured SIR, SINR and SNR. The measured SIR is
higher than the analytical derived SIR for the Jakes’ and the
uniform model. The SNR is constant over velocity allowing
for a fair comparison at different velocities.

is constant over the whole range of velocities considered.
Comparing the SIR to analytical results [10] derived for two
popular models shows a higher SIR in our scenario. Both
models, Jakes’ spectrum and the uniform model are based
on uniformly distributed scattering objects which is not the
case in our scenario. The SINR is upper bounded by noise at
low velocities and upper bounded by the ICI power at high
velocities. While we observe a large decrease of SINR for
increasing velocity at high SNR, the SINR curve flattens for
low SNR. The impact of SINR on the throughput becomes
nearly independent of the velocity and the performance is
rather determined by noise and the quality of the channel
interpolation method than by ICI.
Fig. 5 compares the considered channel interpolation methods in terms of physical layer throughput for two different
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Fig. 5: Measurement results comparing different channel interpolation methods in terms of throughput for two different values
of transmit power resulting in an average SNR of (a) ≈38 dB and (b) ≈21 dB.

values of SNR. As expected, the worst performance is observed
when channel estimates from two pilots are averaged. The
performance increases with the number of pilots in the channel
interpolation. The highest gains at high SNR are observed
between 1 point, where no interpolation is performed and 2
point interpolation and moreover when channel extrapolation
in the 2 point case is replaced by interpolation when doing 4
point linear interpolation. Additional gains are observed when
using spline interpolation, especially at high SNR and high
velocities. At lower SNR, spline interpolation outperforms 4
point linear interpolation only at moderate to high velocities.
The averaging method is still the worst method as it averages
the channel variations.
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