
Chapter 9
Link Level Measurements

Martin Lerch

Simulators are a powerful tool to evaluate current mobile communications standards
and to investigate new transmission and receiver techniques. The next step should
then be to perform measurements in a real-world environment. Therefore, a very
flexible wireless testbed, the Vienna MIMO Testbed was developed at TU Wien
which allows for Long Term Evolution (LTE) measurements including the Vienna
LTE-A Link Level Simulators as signal source and receiver. In Sect. 9.2 we provide
an overview of the Vienna MIMO Testbed and the methodologies to perform LTE
measurements. A measurement campaign that evaluated the impact of the transmit
antenna configuration on the performance of the LTE Downlink (DL) is presented
in Sect. 9.3. In order to perform reproducible and fully controllable measurements at
velocities of up to 400 km/h our testbed was extended by an antenna on a rotary unit.
In Sect. 9.4, this unit and the corresponding measurement methodology is described
followed by a measurement campaign comparing different channel interpolation
techniques for LTE Uplink (UL) transmissions.

9.1 Introduction

The decades after Marconi’s invention were filled with wireless experiments.
Although we understand many physical phenomena of wireless propagations today
much better than in the past, our channel models still capture only a part of the
complex physical propagation process. Nevertheless, in the last two decades, it has
become a common method to entirely skip experimental validation and trust existing
channel models when designing mobile communication systems. As the complexity
of mobile communication standards also increases, simulation methods appear to
be the Holy Grail to address open design questions. While these methods deliver
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quantitative results in acceptable time, many important issues are simplified or not
modeled at all, trading off timely results against accuracy. Converting new algorith-
mic ideas into hardware on the other hand is quite time consuming and often lacks
flexibility so that experimental evaluation remains no longer an attractive choice.
With our testbed approach [1], we essentially combine the advantages of bothworlds:
design flexibility and timeliness under true physical conditions.

Although LTE cellular systems are already being rolled out and operated in many
countries around the world, there are still unresolved issues in transmission tech-
nology. Focusing on point-to-point single-user LTE transmissions, there exist many
open questions that can be best tackled by LTE measurements:

• Performance comparison of different kinds of receivers (receiver algorithms),
• Performance of novel and modified transmission schemes following the LTE stan-
dard,

• Performance measurements at extreme channels (for example, very high speed)
for which channel models are very crude or even nonexistent,

• Comparison of different penetration scenarios or different antenna configurations.

9.2 The Vienna MIMO Testbed

Figure9.1 exhibits the main hardware components of the Vienna MIMO Testbed
required to convert a priori generated data into electromagnetic waves, transmit them
over the air and finally to capture them before storing them in digital form for further
evaluation. The major hardware components are:

• Three rooftop transmitters supporting four antennas each. The digital signal sam-
ples are converted with a precision of 16 bits and are transmitted with adjustable
power within a continuous range of about −35–35dBm per antenna.

• One indoor receiver with four channels that converts the received signals with a
precision of 16bits before the raw signal samples are saved to hard disk. The receive
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Fig. 9.1 Major components of the Vienna MIMO testbed
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antennas are mounted on a positioning table, which allows for measurements at
different positions within an area of about 1m × 1m, correspondingly 8λ × 8λ.

• The carrier frequency, the sample clock, and the trigger signals are generated
separately at each station utilizing Global Positioning System (GPS) synchronized
rubidium frequency standards. The synchronization of the triggers is based on
exchanging timestamps in the formofUserDatagramProtocol (UDP) packets over
a trigger network [2]. The precision of this trigger mechanism does not require any
further post-synchronization at the receiver. It is sufficient to measure the delay
once and time-shift all signals according to the measured delay.

• Adedicated fiber-optic network is utilized to exchange synchronization commands
as well as feedback information and general control commands.

The current setup supports a transmission bandwidth of up to 20MHz at a center
frequency of 2.503GHz.

In typical measurements, the transmission of signals generated according to para-
meters of interest, is repeated with different values of transmit power in order to
obtain results for a certain range of Signal to Noise Ratio (SNR). Furthermore, the
transmission of such signals at all values of transmit power is repeated at different
receive antenna positions in order to average over small-scale fading scenarios. As
a rule of thumb, in a typical scenario approximately 30 measurements of different
receive antenna positions are necessary to obtain sound results for an LTE signal with
a 10MHz bandwidth. In order to check whether we havemeasured sufficient channel
realizations, we always include BCa bootstrap confidence intervals in our results [3].
While this process is usually the same for different kinds of measurements, they may
differ in the way transmit signals are generated.

As illustrated in Fig. 9.2, we distinguish between two different methodologies as
detailed in the following:
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Fig. 9.2 Methodologies used in LTEmeasurements: a Brute-force approach. bMeasurements with
feedback
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• Brute force measurements: All signals of interest are pre-generated, transmitted
over the physical channel, and saved as raw signal samples to hard disk. The
received signals are then evaluated offline. This approach is only feasible as long
as the time duration of all the different transmit signals is small compared to the
channel variations so that successively transmitted data sets appear to be transmit-
ted over the same channel.

• Measurements with feedback: The transmit signals are generated on the fly uti-
lizing channel state information obtained via a preceding transmission of training
symbols. While the processing and evaluation of the actual data symbols can be
computed offline, the demodulation of the training symbols, evaluation, and deci-
sion about the generation of the next transmit signal has to be performed in (quasi-)
real time.

While brute force measurements typically take longer than the feedback approach
and the number of different signals that need to be evaluated is much higher, results
obtained by brute force measurements are typically more detailed and are certainly
not contaminated by the quality of the feedback function. If the number of different
transmit signals is not too large, a combination of bothmethodologies is possible. All
signals of interest are pre-generated, but only those a feedback functiondecides for are
transmitted. This approach reduces the number of signals that have to be evaluated
and signals do not have to be generated during the measurement. Nevertheless, it
should be noted that if the number of possible transmit signals is very large (for
example, zero-forcing Multi-User MIMO or Interference Alignment (IA) [4]), only
a feedback approach is feasible.

9.3 Evaluation of LTE MIMO Downlink Transmissions

In different measurement campaigns using Worldwide Inter-Operability for Micro-
wave Access (WiMAX) [5], High-Speed Downlink Packet Access (HSDPA) [6] and
LTE [7, 8] the impact of the transmit antenna configuration on the performance
of Multiple-Input Multiple-Output (MIMO) transmission modes was investigated.
Besides the transmit antenna configuration, the scenario the measurement was per-
formed in has an impact on the performance. Furthermore, the impact of the antenna
configuration depends on the receive SNR. In typical field tests, measurements are
performed in different scenarios where the SNR is set by the actual scenario. Our
approach [9] is different. We fix the scenario and measure over a wide range of
transmit power allowing for deeper insights in the impact of the transmit antenna
configuration on MIMO transmissions. Thereby, we evaluate the performance of the
LTE DL in terms of physical layer throughput on the one hand, and on the other
hand, we evaluate the channel capacity as theoretical performance metric.

Measurement Setup

The measurements were performed in an urban scenario at TU Wien in the city of
Vienna, Austria using the MIMO testbed described in Sect. 9.2. The measurement
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Fig. 9.3 Measurement setup in downtown Vienna, Austria: a Transmitter: Two separately shiftable
pairs of vertically stacked antennas allow for measurements at vertical and horizontal transmit
antenna configurations. b Receiver: A laptop carrying the receive antennas can be moved along the
X, Y and Φ axis in order to measure different channel realizations

setup is shown in Fig. 9.3 where the transmitter is located outdoors on a rooftop and
serves a single user located indoors in the opposite building. In order to implement
the desired transmit antenna configurations, we use two pairs of vertically mounted
commercial cross polarized antennas that can be moved separately along a linear
guide. The four output channels of the transmitter are mapped to four out of the
eight antenna elements to transmit with four channels over both, vertically stacked
and horizontally spaced antennas. The receive antennas are two horizontally and two
vertically polarized custom build patch-antennas mounted around the display of a
laptop. This laptop is mounted on a XYΦ positioning table and can so be moved
within an area of about 3 λ × 3 λ as well as rotated within a range of about 210◦.

Measurement Methodology

Measuring at just a single implementation of a transmit antenna configuration neither
allows for a fair comparison of different antenna configurations nor does it lead to
reproducible results. With our setup, different antenna elements are employed for
different antenna configurations. For that reason, we repeat transmissions using all
possible implementations of the antenna configurations under investigation. Then,
as illustrated in Fig. 9.4, when averaging the results over all possible implementa-
tions, the same antenna elements are selected for every antenna configuration. Single
antenna results are obtained in a similar way by averaging over the results for all
single transmit antenna elements. Furthermore, the transmit antennas are at differ-
ent positions for different antenna spacings. We, therefore, do not just measure at
a single position of the transmit antennas. For every antenna spacing, we repeat
the measurement at different random positions along the linear guide and average
over the results. At the receiver site, results for different numbers of receive anten-
nas are averaged in a similar way as it is done for the transmit antennas. For 2 × 2
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Fig. 9.4 Averaging over all possible implementations of an antenna configuration allows for a
fair comparison with other antenna configurations. Every antenna element is used once for every
configuration: a 2 × 2 cross polarized, b 2 × 2 horizontally spaced, c 2 × 2 vertically spaced and
d 4 × 4 horizontally and vertically spaced

transmissions we average over the results obtained by the first two antennas and the
results obtained by the second two antennas. Results for 1 × 1 are averaged over all
four available receive antennas. Furthermore, measurements are repeated at different
XYΦ positions of the receive antennas. Finally, the whole measurement procedure
is repeated for different transmit powers. For the generation of the transmit signals
and the evaluation after the transmission we modified the Vienna LTE-A Downlink
Link Level Simulator [10] to work with the testbed. Thereby, to keep the number of
different transmit signals low to use the brute-force approach described in Sect. 9.2,
we use the open-loop transmit modes of LTE rather than the closed-loop modes. A
summary of all measurement parameters is listed in Table9.1.

Table 9.1 Measurement parameters

System bandwidth 10MHz, scheduled for a single user

Transmission modes Single antenna, Transmit Diversity (TxD),

Open Loop Spatial Multiplexing (OLSM)

Center frequency 2.503GHz (λ ≈ 12cm)

Transmit power −13 . . . 35dBm

Transmit antennas 4 × Kathrein 80010541 cross polarized

Transmit antenna spacings 1.5λ, 5.75λ, 10λ (horizontal)

≈11 λ (vertical)

Transmit antenna polarizations 2 × 2: cross polarized (X-pol), equally
polarized

4 × 4: double cross polarized
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Evaluation

9.3.1 Physical Layer Throughput

By applying the brute-force approach, all possible combinations of Modulation and
CodingSchemes (MCSs) and transmission rank NL = {1, 2, 3, 4} are transmitted and
evaluated independently. Thereby, we obtain for every channel realization r , transmit
power PS and all combinations of the signal parameters MCSs and NL a result in
terms of physical layer throughput Dr (PS,MCS, NL). The average throughput for
a certain antenna configuration is then calculated as the average over all channel
realizations r of the throughput of the respectively best performing combination of
MCS and NL to

D (PS) = 1

R

R∑

r=1

max
MCS,NL

Dr (PS,MCS, NL) . (9.1)

In order to compare the impact of different antenna configurations in more detail,
we furthermore evaluate the throughput for a fixed number of spatial streams NL:

DNL (PS) = 1

R

R∑

r=1

max
MCS

Dr (PS,MCS, NL) . (9.2)

Figure9.5 shows the measurement results for 2 × 2 transmissions when using
equally polarized transmit antennas. If the transmission rank is fixed to NL = 1,
we do not observe a difference between different antenna spacings. That is differ-
ent when transmitting two spatial streams (NL = 2). The higher the spacing, the
higher the measured throughput D2. Furthermore, the average SNR, at which the
two-stream transmission outperforms the single-stream transmission is shifted to

Fig. 9.5 Results for 2 × 2
LTE transmissions: While
the performance of single
stream transmissions is
independent of the antenna
spacing, the throughput
when transmitting two
streams increases with
antenna spacing
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Fig. 9.6 Average
contribution of rank NL
transmissions to the average
throughput when using rank
adaption: a 2 × 2 using
equally polarized antennas
with horizontal spacing of
d = 10 λ. b 4 × 4 double
cross polarized antennas
with horizontal spacing of
d = 10 λ
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lower SNRs. The evaluation of D reflects the technique of rank adaption. In the
lower SNR regime, the measured throughput is very close to the throughput for
the single-stream transmission. With increasing SNR, the throughput gets close to
the throughput of the two-stream transmission. In the region of moderate SNR, D is
higher than the respective throughputs D1 and D2, aswe evaluate average throughputs
and the break-even point in terms of average SNR differs from channel realization
to channel realization. This smooth transition is also shown in Fig. 9.6, where the
average contribution of transmissions using NL spatial streams to the average total
throughput is illustrated. The results for all 2 × 2 antenna configurations when using
rank adaption are given by Fig. 9.7. Large differences are only observed at moder-
ate to high SNRs where transmissions with NL = 2 outperform the single-stream
transmissions. Thereby, the throughput increases with antenna spacing d when using
equally polarized transmit antennas. The vertically stacked antennas perform about
as good as the horizontally spaced antennas with spacing d = 10 λ. Cross polarized
transmit antennas outperform all other antenna configurations. Figure9.8 shows the
results of the 4 × 4 measurements using double cross polarized antennas. As for the
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Fig. 9.7 Results for 2 × 2
LTE transmissions: The best
performance for two antenna
transmissions is observed
when cross polarized
antennas are employed
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Fig. 9.8 Results for 4 × 4
LTE transmissions: The
performance increases with
antenna spacing
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2 × 2 case, the performance increases with antenna spacing. The throughput with
vertically stacked antennas is close to the throughput for horizontally spaced antennas
with d = 10 λ.

9.3.2 Channel Capacity

Besides results in terms of throughput, the receiver of the LTE simulator provides
channel estimates for every subframe transmitted. We evaluate the channel capac-
ity [11] as an upper bound for the data rate by these channel estimates Hk measured
at the highest transmit power. For an Orthogonal Frequency Division Multiplexing
(OFDM) transmissionwith Nc subcarriers, a total channel bandwidth B and NT trans-
mit antennas, the channel capacity C (PS) as a function of the measured channels
Hk , the measured noise power PV and the transmit power PS is given by
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C (PS) = B

Nc

Nc∑

k=1

log2 det

(
I + 1

NT

PS

PV
HkFkFH

k HH
k

)
. (9.3)

Due to the guard band of 1MHz specified in the 10MHz LTE DL, Hk is esti-
mated over a bandwidth of 9MHz only. Therefore, we extrapolate the results to
the full bandwidth of B = 10MHz. Thereby, we assume full Channel State Infor-
mation (CSI) at the transmitter and use the waterfilling algorithm to calculate the
optimal precoder Fk for every channel realization. The waterfilling algorithm dis-
tributes a fixed value of total transmit power to the available layers according to the
eigenvalues λl of HkHH

k . At low SNRs the maximum is achieved by assigning all
power to the strongest eigenvalue. With increasing SNR the number of eigenvalues
increases before the available transmit power is assigned equally to all eigenvalues.
The eigenvalues obtained by the measurement are listed in Table9.2 for 2 × 2 and in
Table9.3 for the 4 × 4 channels. A comparison of channel capacity and LTE phys-
ical layer throughput for three different transmit antenna configurations for 2 × 2
transmissions is depicted in Fig. 9.9. At low SNRs, both, the capacity and the LTE
throughput is independent of the antenna configuration. With increasing SNR, the
differences observed for the LTE throughput become visible for the channel capacity
in a similar way. The same effects are observed when evaluating the eigenvalues in
Table9.2 where the measured eigenvalues are normalized to the strongest eigenvalue
at d = 1.5 λ. Thereby, the strongest eigenvalue λ1 is independent of the transmit
antenna configuration while the second eigenvalue λ2 depends on the antenna con-
figuration. The measured eigenvalues for 4 × 4 are listed in Table9.3 where the two
strongest eigenvalues are quite independent of the antenna configuration. The impact
of the antenna configuration is visible for the two weakest eigenvalues only.

Finally, we were interested in how much of the channel capacity the LTE phys-
ical layer throughput could reach in our measurement. Therefore, we define the

Table 9.2 Normalized eigenvalues of measured 2 × 2 channels

d=1.5λ (dB) d=5.75 λ

(dB)
d=10 λ (dB) Vertical (dB) X polarized

(dB)

λ1 0.0 0.1 0.0 0.0 −0.27

λ2 −20.2 −16.5 −14.4 −14.7 −10.9

Table 9.3 Normalized eigenvalues of measured 4 × 4 channels

d=1.5 λ (dB) d=5.75 λ (dB) d=10 λ (dB) Vertical (dB)

λ1 0.0 0.2 0.1 −0.1

λ2 −7.6 −7.7 −7.5 −7.5

λ3 −21.0 −17.1 −15.0 −15.4

λ4 −31.0 −26.1 −23.9 −25.6
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Fig. 9.9 Comparison of
channel capacity and LTE
physical layer throughput of
2 × 2 setups for three
different transmit antenna
configurations
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Fig. 9.10 Comparison of
1 × 1, 2 × 2 (cross
polarized) and 4 × 4
(d = 10 λ) in terms of
relative throughput. The LTE
throughput reaches nearly
half of the channel capacity
for 1 × 1 transmissions and
decreases with increasing
number of transmit antennas
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relative throughput as the ratio of throughput and capacity: D% (PS) = 100 · D(PS)

C(PS)
.

In Fig. 9.10 we show a comparison of the respectively best performing antenna con-
figurations in terms of relative throughput. For all different numbers of transmit
antennas the relative throughput increases with SNR and reaches a maximum as
the maximum data rates defined in the LTE standard are reached. This maximum
decreases with increasing number of transmit antennas as the overhead increases.

9.4 Measurements at High Velocities

LTE is designed to support user velocities of up to 500 km/h whereas mobile com-
munications experiments in high mobility environments such as high speed trains,
motorways or airplanes are expensive and time-consuming. Although such experi-
ments are feasible, they are not well suited to, for example, directly compare dif-
ferent transmission techniques or to measure at different velocities or SNRs. Such
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experiments require a fully controllable setup that allows for repeated transmissions
under identical environmental conditions where all parameters are fixed except the
one whose effect is being tested. In order to perform such experiments, the Vienna
MIMO testbedwas extended by antennas on the tip of a rotary unit [12, 13] that allows
for fully controllable and repeatable measurements at velocities of up to 400 km/h.
In this section, we give an overview of this measurement setup before the results of
a measurement campaign comparing different channel interpolation methods for the
LTE UL are presented.

9.4.1 Measurement Setup and Methodology

In our setup, as it is shown in Fig. 9.11, repeatable time-variant channels are generated
by rotating the receive antennas around a central pivot. The received signals are then
fed through the rod to rotary joints mounted inside the axis and are connected to
the static receiver hardware of our testbed. A light barrier mounted on the axis
captures the start of each turn of the rotating rod. This signal is connected to the
trigger network of the testbed and triggers the signal transmission. Thereby, signal
transmissions can be triggered at any desired angle of the rotating rod. The light
barrier together with the trigger network allows for repeated transmissions over the
same time-varying channel. Examples when multiple transmissions over the same
channel are needed are:

Δx=3λΔy=2.2λ

Δz

receive antennas

light barrier

motor

rail to move the
whole setup

Fig. 9.11 Measurement setup to generate repeatable time-variant channels
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• Measurements at different SNRs. The same signals need to be transmitted with
different transmit powers over the same channel.

• When comparing different transmit signals or transmit modes.
• Brute-force LTEmeasurements where different signals need to be transmitted over
the same channel.

• Measurements with feedback, if feedback information should be applied to trans-
missions over the same channels to obtain the CSI. For measurements with feed-
back delay the trigger can be delayed according to the desired delay.

• Measurements at different velocities. As the spatial length Δz = T · v of a signal
with a certain temporal length T depends on the velocity v, it is not possible to
transmit the same signal over the same channel at different velocities.Our approach
for a fair comparison at different velocities is illustrated in Fig. 9.12. We transmit
n realizations of the transmit signal of interest at the highest velocity. At half the
maximum velocity, we transmit 2n realizations and so forth.

In order to measure different channel realizations within the same scenario, the
whole setup can be moved along the x and y-axis. The area where typical mea-
surements are performed is illustrated by the box in Fig. 9.11. While Δx and Δy
are given by mechanical constraints of the setup, Δz = T · v depends on the length
T of the transmit signals and the actual velocity v. Considering measurements at
a velocity of v = 400 km/h and the transmission of single LTE subframes having
a length of T = 1ms, the length of the path the receive antennas move during the
transmission calculates toΔz ≈ 11cm. For the rod having a length of 1m, the length
of the path corresponds to an angle of about 6◦. Figure9.12 illustrates the path of the
receive antennas and the corresponding bending of the path over 1ms when moving
at 400 km/h.

9.4.2 LTE Uplink Fast Fading Channel Interpolation

In the measurement campaign reported in [14] wewere interested in the performance
of different channel interpolation techniques for the LTE UL. Compared to the LTE

400km/h

LTE subframe (1 ms, Δz≈11 cm)trigger point

1 ms

200km/h

1 ms

100km/h

Fig. 9.12 Trajectories of the receive antennas when transmitting LTE subframes. Multiple trans-
missions of the transmit signals at lower velocities allows for transmissions over the same spatial
channels at different velocities
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DL, the temporal spacing of the Demodulation Reference Signals (DMRS) in the
UL is about twice the spacing as in the DL. 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 struc-
ture of pilot symbols, channel estimation in the LTE UL is a challenging problem.
The authors of [15] proposed an interpolation algorithm based on adaptive order
polynomial fitting to mitigate Inter-Carrier Interference (ICI), in [16] the polynomial
basis expansion model is employed and the estimation accuracy is improved by an
autoregressive model. Our idea is to include channel estimates from the previous and
from the subsequent subframe into the process of channel interpolation. The addi-
tional delay that is introduced by applying channel estimates from the subsequent
subframe is not considered.

System Model

We consider continuous single antenna LTE UL transmissions with frequency hop-
ping being disabled. Sounding Reference Signals (SRS) and the Physical Uplink
Control Channel (PUCCH) are both not considered. Figure9.13 illustrates the result-
ing time/frequency resource grid for three consecutive resource blocks that consist
only of data symbols and pilot symbols. At the receiver sidewe perform a symbol-by-
symbol Least Squares (LS) channel estimation in the frequency domain and calculate
the Zero Forcing (ZF) equalizer by the different interpolation methods under investi-
gation. Althoughwe do not perform frequency hopping, we emulate it by considering
the cases where only one or two pilot symbols are used.

• 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.

p-2 p-1 p0 p1 p2 p3

time

fr
eq

ue
nc

y

subframe n

1. slot 2. slot

data symbol

pilot symbol

Fig. 9.13 Resource grid of the LTE uplink. Due to SC-FDMA modulation, symbols marked as
data symbols are the DFT-precoded data symbols rather than the actual data symbols
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• 1 point: Data symbols of slot n are equalized by the channel estimates from pilot
at position pn . This 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 symbols transmitted during subframe n in Fig. 9.13. The previous sub-
frame and the subsequent subframe are only considered to obtain additional channel
estimates.

Measurement

Both, the generation of transmit signals and the processing of the received signals is
based on the Vienna LTE-A Uplink Link Level Simulator [17]. In order to measure
the physical layer throughput by the brute-force approach described in Sect. 9.2, one
subframe for each of the 15 different MCSs is pre-generated. 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 used to obtain the additional channel estimates. At
half of the maximum velocity (200 km/h) two subframes of interest (n) are trans-
mitted over the desired channel (Δz) and so forth. Figure9.14 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 (Table9.4).

Table 9.4 Measurement parameters.

Center frequency 2.506GHz (λ ≈ 12cm)

Velocities 50, 100, 200 and 400 km/h

Channel realizations 49 (within an area of about 3 λ × 2.2λ)

Transmission mode 10MHz LTE UL, single antenna transmission,
normal cyclic prefix, all resources scheduled
for a single user, no SRS, no PUCCH

Modulation and coding 15 different MCSs according to the 15 different
Channel Quality Indicators (CQIs) defined in
the standard

Receiver Single antenna, LS channel estimation, ZF
equalization
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Δz
trigger point z

subframe n−1 subframe n subframe n+1

r=1 v= 400km/h

n−1 n

n−1

n+1

n n+1

r=1

r=2

v= 200km/h

Fig. 9.14 Transmitting over the same spatial channels allows for a fair comparison at different
velocities

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-
to-Interference Ratio (SIR) and the Signal to Interference and Noise Ratio (SINR)
as measures for the amount of ICI are evaluated.

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 trans-
mitting 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 tem-
poral repetition, v the velocity, PS the transmit power and I the channel interpolation
method. The throughput Dm is maximized over the different MCSs by

D̂m (k, r, v, I, PS) = max
MCS

Dm (k, r, v, I, PS,MCS) (9.4)

before the average throughput

D (v, I, PS) = 1

K

1

R (v)

K∑

k=1

R(v)∑

r=1

D̂m (k, r, v, I, PS) (9.5)

is obtained by averaging over all K different channel realizations and R (v) temporal
repetitions.

SIR, SINR and SNR

The power of each subcarrier is estimated in the frequency domainwhereaswe 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
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and the noise power PV 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 Eq. (9.5) separately over all channel realizations and temporal
repetitions. PSIN and PIN are furthermore averaged over all different MCSs. The
estimated SIR then calculates to

SIR (v, PS) = PSIN (v, PS) − P IN (v, PS)

P IN (v, PS) − PV (v, PS)
, (9.6)

the SINR to

SINR (v, PS) = PSIN (v, PS) − P IN (v, PS)

P IN (v, PS)
, (9.7)

and the SNR to

SNR (v, PS) = PSIN (v, PS) − P IN (v, PS)

PV (v, PS)
. (9.8)

Results

The conditions in terms of SIR, SINR and SNR under which the measurement was
performed are shown in Fig. 9.15. Due to the aforementioned methodology, the SNR
is constant over the whole range of velocities. Comparing the SIR to analytical
results [18], derived for two popularmodels, 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 lower SNRs. The impact of ICI 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. 9.15 Channel
conditions under which the
measurement was performed
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Fig. 9.16 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
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Figure9.16 compares the considered channel interpolation methods in terms of
physical layer throughput for two different 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 interpolationwhenperforming4 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. At low velocities, the gain of
channel estimation SNR becomes visible for the averaging method as it performs as
good as the 2 point method. Furthermore, the throughput flattens at lower SNRs as
the SINR flattens. At low velocities, the throughput is then determined by the SNR.
The impact of the channel interpolation method is still visible at high velocities.
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