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Real-Time Geometry-Based Wireless
Channel Emulation

Markus Hofer
Fredrik Tufvesson

Abstract—Connected autonomous vehicles and industry 4.0 pro-
duction scenarios require ultrareliable low-latency communication
links. The varying positions of transmitter, reflecting objects, and
receiver cause a nonstationary time- and frequency-selective fad-
ing process. In this paper, we present the necessary hardware
architecture and signal processing algorithms for a real-time
geometry-based channel emulator, that is needed for testing of
wireless control systems. We partition the nonstationary fading
process into a sequence of local stationarity regions and model
the channel impulse response as sum of propagation paths with
time-varying attenuation, delay, and Doppler shift. We implement
a subspace projection of the propagation path parameters, to com-
press the time-variant channel impulse response. This enables a
low data-rate link from the host computer, which computes the
geometry-based propagation paths, to the software defined radio
unit, that implements the convolution on a field programmable
gate array (FPGA). With our new architecture, the complexity of
the FPGA implementation becomes independent of the number of
propagation paths. Our channel emulator can be parametrized by
all known channel models. Without loss of generality, we use a
parameterization by a geometry-based stochastic channel model,
due to its nonstationary nature. We provide channel impulse re-
sponse measurements of the channel emulator, using the RUSK
Lund channel sounder for a vehicular scenario with 617 propaga-
tion paths. A comparison of the time-variant power delay profile
and Doppler spectral density of simulated and emulated channel
impulse response showed a close match with an error smaller than
—35 dB. The results demonstrate that our channel emulator is able
to accurately emulate nonstationary fading channels with contin-
uously changing path delays and Doppler shifts.
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1. INTRODUCTION

ETWORKED intelligent transportation systems (ITSs),
N connected autonomous vehicles and industry 4.0 pro-
duction environments require ultra-reliable and low latency
communication (URLLC) links for control algorithms commu-
nicating with sensors and actuators. 5G communication systems
aim at provisioning URLLC links as one of their main targets
[1], [2]. Wireless communication channels are characterized
by a random non-stationary fading process, that is dependent
on the position, velocity and environment of the communica-
tion device [3]-[10]. For a fully functional system, the URLLC
devices must be tested jointly with the real-time control al-
gorithm in a repeatable fashion and in real-time, requiring a
real-time geometry-based channel emulator, which we present
in this paper. Besides commercially available channel emula-
tion solutions from Spirent [11] and Keysight/Anite [12], soft-
ware defined radio (SDR) based channel emulator solutions
[13]-[21] have been developed. While the channel emulator so-
lution developed by National Instruments (NI) [13] utilizes a
vector signal transceiver to emulate a multiple-input multiple-
output (MIMO) channel that is based on a tap delay line (TDL)
model, Vlastaras et al. [14] implement a TDL with two active
taps and equal power for stress testing IEEE 802.11p modems.
Ghiaasi et al. [15] use a TDL in connection with a clustering
algorithm [22], [23] to reduce the number of propagation paths
that have to be simultaneously emulated. In [15] the maximum
number of simultaneously active delay taps is ten. Blazek et al.
[19] extend the emulator of [15] by utilizing a sum-of-sinusoid
model in connection with a discrete-time Hilbert transform to
obtain bathtub, respectively half-bathtub Doppler spectra [24]
for the delay taps. In [20] the work of [15] was extended using
a sparse fit to extract the most important channel coefficients
for a TDL model of a road intersection scenario. The emulated
channel is used for modem tests. The authors of [21] present
a non-stationary wireless MIMO channel model. However, the
authors only consider fractional path delays and stationarity re-
gion lengths of 9 to 20 ms where the velocity is assumed to be
constant. The maximum number of emulated paths is thirty-two.
The channel emulator shown by MKG systems [16] allows for
a maximum number of twelve delay taps.

Due to the underlying TDL model, all the emulators
described above share the main drawback that path delays can
only be set in integer multiples of the sampling rate. However,
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real world non-stationary communication scenarios are char-
acterized by continuously changing real valued path delays
and Doppler shifts. The testing of real-time control algorithms
requires updating the position and speed of the transmitter
(TX) and receiver (RX) according to the laws of kinematics,
and correspondingly, the wireless propagation characteristics
in real-time with continuous variations in delay and Doppler.
With this approach the real-time wireless data communication
between the controller and the sensors, as well as between the
controller and the actuators reflects the properties of a realistic
environment and enables repeatable tests. Use cases are, e.g.,
(a) testing of connected autonomous vehicles, and (b) industrial
production environments with mobile robots.

Kaltenberger et al. [25]-[27] introduce a novel channel em-
ulation method utilizing a low-complexity, reduced-rank sub-
space model for geometry-based channel emulation allowing for
real-valued path delays and Doppler shifts. In [28] we present a
digital fixed-point field programmable gate array (FPGA) imple-
mentation of the low-complexity, reduced-rank subspace model
without the radio-frequency (RF) front end. The geometry-based
channel emulator can be parameterized by any channel model
ranging from ray tracing (RT) [29]-[34], a geometry-based
stochastic channel model (GSCM) [35]-[40], and cluster based
models [22], [41], to drop-based spatial models [42]. In [43]
we show first qualitative measurement results of the geometry-
based channel emulator using the RUSK Lund channel
sounder.

The contributions of the paper are the following:

e We introduce the concept of geometry-based channel em-
ulation replacing the TDL as the basic building block of
a channel emulator. We extend the basic geometry-based
stochastic channel model (GSCM) concept by adding vis-
ibility conditions [36] and diffraction at corners of larger
objects to obtain a real-time channel model, providing the
path parameters for the geometry-based channel emulator.

e We partition the non-stationary fading process in a se-
quence of local stationarity regions with a continuous
phase transition at the boundaries of the stationarity re-
gions. Each local stationarity region is fully described by a
set of propagation paths with given attenuation, delay and
Doppler shift.

® We show a comprehensive analysis of the approximation
error for real-time geometry-based channel emulation.

e Furthermore, we provide an exemplary single path and
multi-path evaluation of the geometry-based channel emu-
lator. The channel impulse response of our channel emula-
tor hardware implementation is measured with the RUSK
Lund channel sounder. We manually synchronize the mea-
surements with a MATLAB simulation and provide nu-
meric error metrics.

® We show the backward compatibility of our channel em-
ulator by the emulation of European Telecommunications
Standards Institute (ETSI) channel models. Hence, the
geometry-based channel emulator can be also parameter-
ized by stationary TDL channel models.

Organization of the Paper The system model and the emula-
tor architecture are introduced in Section II. In Section IIT we
investigate the approximation error of our channel emulation
algorithm. The data rate reduction and the complexity reduc-
tion of our model are analyzed in Section IV. We present the
measurement setup and measurement method in Section V. In

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 2, FEBRUARY 2019

Section VI we show the validation results and in Section VII we
draw conclusions.

Notation: We denote a scalar by a, a column vector by a,
and its i-th element with a[¢]. Similarly, we denote a matrix
by A and its (i,1)-th element by [A]; ;. The superscripts (-)*,
()T and (-)! stand for conjugate, transpose and for conjugate
transpose, respectively. A diagonal matrix with elements a[i] is
written as diag(a) and the absolute value of a is denoted by |a.
For the discrete set I, || denotes the number of elements of
1. The largest (smallest) integer that is lower (larger) than or
equal to a € R is denoted by |a|([a]). We denote the set of all
real numbers by R and the set of complex numbers by C. The
expectation with respect to x is denoted by E, {-}.

II. SYSTEM MODEL

We assume a single-input single-output (SISO) propagation
path based channel model. The non-stationary, time-variant fre-
quency response [44]-[47]

P-1
gen(t, 1) =Dy (t)e 27 (] (1)
p=0

is described by the superposition of P individual propagation
paths with time-variant path delay 7, (¢). The non band-limited
physical channel is denoted by gp,(, f). Each path is char-
acterized by the complex time-variant weighting coefficient
n,(t) = a,(t)e* ¥ with amplitude a, (¢) and initial phase ¢,,.

The non-stationary fading process can be approximated as
wide-sense stationary for stationary time Ty, and stationarity
bandwidth By [3], [4]. We assume that the path amplitudes are
constant within a stationarity region, i.e., without loss of gen-
erality, n;) (t) =~ 771’, for 0 < ¢ < Ty Furthermore, the relative
velocity between transmitter and receiver is assumed constant
for the interval T, Thus, the time-variant path delay is de-
scribed by a linear model

7(t) = 7, (0) — —t @)

where 7, (0) denotes the initial path delay, v, denotes the relative
velocity between transmitter and receiver per propagation path
that is determined by the geometry of the scenario (see e.g. [35],
[45], [48], [49] for more information) and cy denotes the speed
of light. Defining the Doppler shift as

)
fp—chO7 3)

where f. denotes the carrier frequency of the system, an equiv-
alent notation of (2) can be found as

-,

Inserting (4) in (1) we can rewrite (1) as

7p(t) = 7(0) )

P—1
g{)h(t7 f) = Z 771” (t)eijzﬂ'(f,+fc)(7'p (0)7%25)

p=0

P
= Z 77’ (t)e_-j2ﬂ'f/7'p (O)e‘jzﬂf/%t
P
=0

=

A e*]‘Z?TfCT[, (0) ej271'f,J t’ (5)
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Fig. 1. Piecewise constant Doppler shift approximation of the instantaneous  Fig. 2.  Linear change of delay within stationarity regions.
Doppler shift f, for different stationarity regions.
) ~ delay at the end of the stationarity region is obtained by
where we consider the frequency f = f’ + f. as composi- f
4 . / n Q
tion of the carrier frequency f, and the frequency offset f' € Ty [M — 1] =7, ,[0] — 225(M — )T, (8)

[—B/2, B/2] (see also [45, Sec. II-A]). Assuming that the sys-
tem bandwidth is much smaller than the carrier frequency, i.e.,
/' < fe, which is true for most communication systems [47,
Ch. 1], we obtain the approximate time-variant channel transfer
function (CTF) as

P—1
gen(t, f) = Y _mpe e 2T OS]

p=0

(6)

n 1 fp . .
where we neglected ¢/>"/' 7! and defined Ny =1, e i2mTy (0) fe

A. Non-Stationary Fading Process as Concatenation of
Stationarity Regions

We emulate the channel for a finite system bandwidth B. To
allow for realistic input/output filters we oversample gpy(t, f)
by a factor fosp, i.e., B’ = fospB. We sample with Tc = 1/B’
in time and F; = B’/N in frequency, where N is the number
of frequency bins. Considering the band-limiting filters grx(f)
and grx (f) at the transmitter and receiver side, respectively, and
using (6) we obtain the sampled CTF as the concatenation of
stationarity regions of length Ty, Defining the length of the
stationarity region in samples M = [Ty, /Tc]|, we obtain the
concatenated CTF according to

glm, q] = grx(aFs) grx (¢ F%) gen(((s — 1)M 4+ m/) T, ¢ F)

P—1

= grx[glgrx[a] D_ mp, s> v e 20t

=0

(7

=

wheren, s, v, s = fpsTcand b, = 7, 5(0)/(NTc) denote the
path weight, the normalized Doppler shift, and the normal-
ized path delay of stationarity region s respectively. It holds
that |v, | < % and 0 < 0, ; < 1. Discrete time is denoted by
m=(s—1)M +m’ with m’ € {0,..., M — 1} and discrete
frequency by ¢ € {0,..., N — 1}.

The velocities, and correspondingly the Doppler shifts, are
assumed to be constant during a stationarity region. A schematic
representation of the stationarity assumption is shown in Fig. 1.
It leads to a linear change of delay within a stationarity region
as modelled in (4) and shown in Fig. 2.

To allow for a continuous phase transition between stationar-
ity regions, we incorporate the final delay of path p in region s
in the starting phase of the next stationarity region s + 1. The

C

leading to a starting phase incorporated in 7, .41 =1,
e 12775 [M=1lfe - Correspondingly, the normalized path delay
is defined as 6, ;1 = 7, s[M — 1]/NT¢c.

To emulate the effects of a wireless propagation channel, the
emulator convolves the input signal x[m] with the time-variant
channel impulse response (CIR) h[m, ], obtaining the output
signal

L—1

> hlm =1 lzlm — 1],

=0

y[m] &)

with [ denoting the index in the delay domain and L the num-
ber of delay taps. Due to the bandlimiting effect of the input
filter, the support of h[m,!] is actually infinite. However, the
contributions for large [ will be very small, so they can be ne-
glected. For a causal implementation of the CIR we allow for
pre- and post-cursor samples, i.e., L = L' 4 Ly + Lposi, With
L' = [Tmax/Tc] and Timayx the maximum path delay of the CIR.
The values of Ly and Ly, depend on the required dynamic
range of the system.

The CIR is obtained from the inverse discrete Fourier trans-
form (IDFT) of the time-variant CTF g[m, ¢|. For a better dy-
namic range of the CIR we implement a windowing function
fwinlg] (see Section V-B) that reduces the side lobes of the sinc-
Kernel due to the finite bandwidth B’,

1 )
==Y funlalglm, g™/~ (10)

Calculating (7) is of high computational complexity, since
for each time instant ' and for each frequency index ¢ a sum
of P complex exponentials (CEs) has to be calculated. In the
next section we present a geometry-based channel emulator
architecture that enables a real-time implementation.

B. Geometry-Based Channel Emulation Architecture

We present the structure of our geometry-based channel em-
ulator in Fig. 3. The emulator consists of a propagation module
that is implemented on a general purpose multi-core personal
computer (PC) and a convolution module that is implemented
on an SDR equipped with an FPGA.

The propagation module is parametrized by the channel
model, which periodically updates the geometry and calculates
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Fig. 4. Frame structure of periodic transmission of basis coefficients for sta-
tionarity regions s.

the propagation path parameters 7, s, v, s and ¢, ; for each sta-
tionarity region s. To reduce the computational complexity of the
sum of complex exponentials (SOCE) in (7), we exploit (a) the
bandlimited properties of the fading process, and (b) the limited
accuracy of the analog-to-digital converter (ADC) and digital-
to-analog converter (DAC) at the input and output. We approxi-
mate the SOoCE in (7) by a reduced rank basis-expansion model
(BEM) [25]-[28]. The BEM uses discrete prolate spheroidal
(DPS) sequences [50] and the propagation parameters to calcu-
late the basis coefficient matrix Y using a subspace projection.
The basis coefficient matrix describes the evolution of the chan-
nel in the time and the frequency domain in a compressed form.
A schematic representation of the transmission protocol of the
basis coefficients Y, from the PC to the SDR unit is shown in
Fig. 4.

The SDR consists of a radio frequency (RF) frontend in con-
nection with an FPGA. In the RF frontend, the input signal is
filtered and converted from passband to baseband by mixing
with a local oscillator (LO). It is sampled by the ADC to obtain
the digital baseband signal 2[m]. On the FPGA, we utilize Y
in the basis-expansion module to obtain the time-variant CIR
h[m,]. In the time-variant convolution module, the input sig-
nal z[m] is convolved with h[m, [], to obtain the output signal
y[m]. Subsequently, y[m] is converted to an analog-signal, by
the DAC and shifted to the passband by mixing with the LO.
Our emulator structure has two major advantages:

e The reconstruction complexity to obtain the time-variant
CIR is independent of the number of propagation paths,
which makes the model very suitable for an implementa-
tion on an FPGA.

® The streaming bandwidth between the general purpose PC
and the SDR can be significantly reduced, since we trans-
mit a compressed CIR in form of the basis coefficients Y
instead of the full CIR.

We will explain the approximation steps of the model in
the next subsections in more detail. The approximation error is
analyzed in Section III. For the discussion below we consider a
single stationarity region s, without loss of generality.

C. Basis Expansion Model

Our reduced-rank BEM is based on two assumptions. Firstly,
we assume that the channel is reconstructed block-wise for lim-
ited time-frequency snapshots, defined by the Cartesian index
set

I=I'xI"=]0,..., o,..., (11)

The size of the index set is smaller than, or equal to, the size of
the local stationarity region. Secondly, we assume that v, and
0, are limited to a band-limiting region that is defined by the
Cartesian product

W=W'x W=

M—1] x N-1].

X [07 HPmax} .

Here, vpmax = Tc feUmax/Co Where vp,.x denotes the maximum
relative velocity between transmitter and receiver, and Opp,, =
Tmax/ (INTc) where T,y is the maximum path delay of the chan-
nel. The maximum velocity and delay are determined by the
considered scenario.

The index-limiting region Z in (11) and the band-limiting re-
gion W in (12) are represented as Cartesian products. Hence,
the subspace of the time-variant CTF for the duration of a sta-
tionarity region can be represented by two-dimensional DPS
sequences [25], [28], [44], [50], [51]. DPS sequences are band-
limited to a support W and simultaneously most energy con-
centrated in an interval I, which makes them ideally suited
for reconstructing the channel within a band- and index-limited
region.

The two-dimensional reconstruction shown by Kaltenberger
et al. [25], [51] has the disadvantage, that either the two-
dimensional DPS sequences have to be stored on the FPGA,
which requires a lot of memory, or the two-dimensional

12)

[_ VDmax VDmax]
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DPS sequences have to be calculated at run-time which is
computationally expensive. Hence, for an implementation on
the FPGA, we approximate (7) by a separate one-dimensional
reconstruction approach shown in (13) (see above),

glm', q] = glm', q|
Df-1

Ty Up [qa th It]ﬁk,p
k=0 i=0

s

D'—1
U; [m'; Wt» Il]%,p

-1

=
Il
=}

-1 D'—1

_ it o7t ot P
= 3wl W Y wlms WY

-1
_o T 7Vi.p€h.p
i=0

o)

>~

f=}

Vi k

t

Df-1
wi [m/s W T [q; W Tab; i
k=0

o

(13)
i=0

with the two-dimensional basis coefficients

P-1
Vi = Z Mp™i,p€hp-

p=0

(14)

The DPS sequences u;[l; W, I] are the solution to the eigenvalue
problem [50], [52]

M—1
> Cll—m; W, Ty [l W, 1) = g (W, D [m; W, I) - (15)
=0
withm € I,
k- I = ejZﬂ'kl/d _ ej27rkl/2 7ej27rk1/1 16
Clh; W2 1] /W V= ), (16)
and W = [Z/I,Vz].

The variables 7; , and €, denote the basis coefficients of
path p in the time domain and the frequency domain, respec-
tively. The dimensions D' and Df represent the number of uti-
lized DPS sequences in the time and the frequency domain,
respectively and determine the accuracy of the model. The time-
variant transfer function can be efficiently compressed by a few
subspace dimensions [50], [53]. That is because the eigenval-
ues A; (W, I) of the vectorized DPS sequences u;(W,I) are
clustered near 1 for D’ < [(v, — v)|I|] and decay exponen-
tially to O for D’ > [(v, — v1)|I]]. Specifically, the eigenvalues
Ai (W IY) of the vectorized DPS sequences u; (W*, I') are clus-
tered near 1 for D < [20bmax M | and decay exponentially to 0
for DV > [20Dmax M |. The same holds true for the eigenvalues
i (WE T,

The computational complexity for the evaluation of the
reduced-rank BEM in (13) is independent of the number of
propagation paths. This makes it suitable for an implementa-
tion on the FPGA. The separate one-dimensional structure in
the time and the frequency domain allows an efficient imple-
mentation on the FPGA with a reconstruction accuracy that is
equivalent to the two-dimensional approach.

D. Approximate Basis Projection

The basis coefficients 7, , and ¢;, have to be calculated
for each path by the projection of the CEs onto the DPS se-
quences. The projection of a single CE e, (v,) = [e*™"0, ...

2™ (M=DIT with normalized Doppler v, onto the basis
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functions uy (W, I) = [ug[0; W, I], ug[1; W, 1], ... ug[M — 1;
W, I]" with band-limiting regions W and index set I,
M1 _
Ya (W W, I) = ua[m/s W, I}

m'=0

a7)

does not lead to a reduction in computational complexity, be-
cause each CE has to be evaluated for the projection and the
numerical calculation complexity persists.

In [25], [26] it is shown that for the projection of a CE onto
DPS sequences discrete prolate spheroidal wave functions (DP-
SWFs) can be utilized. There exists a close relation between
DPSWFs and DPS sequences. The amplitude spectrum of a DPS
sequence uq[m'; W, I] index limited to a set I = [0,..., M —
1] and band-limited to W = [Wy — Wiax, Wo + Winax), With
Whax being the symmetric support and Wy = %52 the center
point, is a scaled version of the associated wave function (cf.
[50, equation (26)], [25], [26])

M—1
Usa(vs W, 1) = B Y ugm's W, IJe 77 =122m0v (1)

m'=0

where 3; = 1 if d is even and B; = j if d is odd. Comparing
(17) with (18), one can see that the basis coefficients in (17) can
be calculated by [25], [26]
| Y
Yl W, 1) = "M Uy (v W, D). (19)
d
For v, € W approximate DPSWFs can be defined according to
[25], [26]

. . o A M
Ud(Vp;WI) — :I:eZwJ(J\Jmep)WO 21/“1/ Ud[mp](w I)’
max (20)
with A4 (W, I) the corresponding eigenvalues and
v, — Wo M
=1 L) . 21
el () 3 e
The sign in (20) is taken such that the normalization
- dUy(vy; W, I
Oa(Wosw,1) >0, 2t D) >0
dv, )
vy = Wo
d=0,....,D—1 (22)

holds. With (20)—(22) it can be shown that (19) can be approxi-
mately calculated by [25], [26]

Fa(vp; W, T) = ﬂieWM*% Ua(vy; W, ). (23)

d

We implement (23) using a table lookup with a table consisting
of DPS sequences that can be pre-calculated and stored. We
obtain the table index by inserting v, and 6, into (21) and using
the support W' and W respectively.

Hence, the basis coefficients «; , and ¢; ,, of each path can
be approximately calculated by scaled and shifted approximate
DPS wave functions with a complexity of O(1). Equation (23)
allows for a strong computational complexity reduction com-
pared to (17). This enables a real-time calculation of the approx-
imate two dimensional basis coefficients v; ;. similar to (14).

The two-dimensional basis coefficients 1); ;, represent an effi-
ciently compressed version of the time-variant CTF in the time
and the frequency domain for one stationarity region. They are
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utilized to reconstruct the CIR on the FPGA as shown in the
next Section.

E. Time-Variant Channel Impulse Response

First we define the vector

glm') = [g[m',0],...,g[m',N =1]]" e V¥ (24)
collecting all samples of the frequency response at time index
m/, where g[m/, q] is obtained from (13) using #; ;, instead of

;1. The time-variant CIR vector

hm'] = [ﬁ[m’,O], R L—1)] et (25)
is obtained by
h[m'| = D"PFg[m/], (26)
where
F = diag(fy;,) € CV*V (27)
with fuin = [fwin[0], fwin[1], - - - fwin[N — 1]]T € C¥*! being

the windowing function. The permutation matrix P € RV <N

rearranges the elements of a vector x = [z[0],z[1],...,z
[N — 1]]T € C¥*! according to

x' =Px = [2[N/2],...,z[N —1],2[0],...z[N/2 — 1]

(28)

to fit with the subsequent IDFT. Matrix D € CNV*Lisa N x L

. . . =jomi T x N
submatrix of the Fourier matrix [W]; ; = \ﬁe e NN

and Vi,j € {0,...,N —1}.
Defining
£'[m'] = [uglm/s W4 IY, ... upy[m; Wl,It]]T e RV
(29)
and the matrix of generalized basis coefficients
1;0,0 lzo,Df—l _
o= SN : e CP™PT (30
z/;thl,o 1/;D'71,Df71

we can rewrite the subspace model in (13) in matrix-vector
notation as

glm'] = V&[], (31)
where 'V = [ug(W' 1), u (W I, ... up (W T €
CN*D' s the basis vector matrix in the frequency domain and

w, (W T = [ug [0; W T, Jug [N — 1; W TT]T. Insert-
ing (31) in (26) we obtain
h[m/] = DYPFV T[] (32)
—_—

V/
Since the matrices D, P, F and V are constant they can be
pre-calculated as V' = DYPFV with V/ € C>*P " and stored.
The basis expansion coefficients ¥ do not change within one

stationarity region. Thus we can pre-calculate the multiplication
with the matrix V'

Y =V3®, 1ecCk (33)

and reformulate (32) as
h[m'] =

Y [m]. (34)
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The basis vectors f'[m/] are stored on the FPGA memory and
are used for the reconstruction of the CIR.

III. ERROR ANALYSIS

In this section we analyze the error of the geometry-based
channel emulator that is based on the reduced-rank BEM. With-
out loss of generality, we model the error within one station-
arity region s. The error has to be smaller than the numerical
precision, determined by the fixed-point precision of the ana-
log/digital converter. It is defined by

Ep =21, (35)

where N, is the number of bits of the analog-to-digital converter.
We analyze the following error sources:
® The basis expansion model bias,
® the approximate basis projection error,
e the error due to the piecewise constant Doppler assump-
tion, and
¢ the narrowband approximation error.

A. Basis Expansion Model Bias

The reduced-rank BEM in (13) leads to an approximation bias
that depends on the number of DPS sequences D' and D' that are
utilized in the time and the frequency direction, respectively. For
an uniform distribution of v, and 6, on W' and W, respectively,
it can be shown [25], [28], [51] that

M—1

1
. 2 t t
bias*(D") = . M g A (WHTYH, and  (36)
bias?(D') = § A (W T, 37
18 ( ngax k ( )

k=D*

where A; (W', I') and A, (W', I') are the sorted eigenvalues of
the one dimensional DPS sequences in time- and frequency-
direction respectively. In [25], [26], [28] the calculation of the
optimum number of dimensions for the two-dimensional fading
process described by (11) and (12) is shown.

B. Approximate Basis Projection Bias

The accuracy of the approximate projection (23) increases
with reduced bandwidth W, and increased number of sam-
ples M [25]. This fact is utilized by defining a resolution factor
r and using DPS sequences that are oversampled for the cal-
culation in (23). Specifically, for positive integers r we define
DPS sequences with

I, =[0,...,rM —1], (38)

and
WH’H.IX

W, = [Wo - Wo + (39)

Wmax
|
We use Uy (=43 W, I.) and ug(“, W, I,,) for calculating the
approx1mated coefﬁ01ents
The square bias of the approximate subspace projection is
defined as [25]
e~ &I}

bias}p, = E { (40)
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TABLE 1
CHANNEL PARAMETERS

Parameter Value
fe 5.7GHz
Tmax 1.6 us
Umax 400 km/h
B 10 MHz
fosk 2
Tc 50 ns
JSpmax 2.11kHz
Ttat 256 ps
a —20...20m/s?
N 128
M 5120

TABLE II

EMULATION PARAMETERS

Parameter Value
Lprc s Lposl 4
E2 —60dB
Dt 6
Df 47
Tt 4
y 4096

with gD " (cf. [25], [28]) being the approximate DPS subspace
representation. No analytical results are available for the square
bias, however, for the minimum square bias achievable it was
numerically conjectured in [25] that

'min,r (41)

2Winax \
r 9

bias? = min bias2, , ~ (
D g

with 2Wi.x representing the maximum two sided support. We
use this as a guideline to calculate the resolution factors in time
direction ' and in frequency direction r' separately. The resolu-
tion factors have to be chosen such that the bias is smaller than
Etzh We refer the reader to [25], [27], [28] for additional infor-
mation on the resolution factor. For the parameters in Table I
and E2 from Table II we obtain 7' = 4 and r' = 4096.

C. Error Analysis of the Piecewise Constant Doppler
Assumption

We investigate the error of the CTF due to the piecewise
constant velocity (and Doppler shift) assumption within one
stationarity region. For the analysis we consider the comparison
with a scenario with constant acceleration a, which causes a
linear changing velocity (Doppler shift). We model the error
of a single propagation path with zero path delay. The linear
changing velocity is modelled by

vy [m'sal = vy + am'T¢, (42)
with the relative velocity vy between TX and RX. Thus,

v, [m'; al

Vp[m/;Afp(a7fC)] chC

Co

(vo + am/T¢)
co

chC
Uy a
jchC + *fc
Co Co

—— —~—
Vp Af[r(avfc>

TZm', (43)
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Fig.5. Error e%D (A fp) for piecewise constant Doppler shift vs. Doppler shift
change and statiority region length 7T's,. The white region shows the area where
eip(Afy) < Ej

where Af,(a, f.) denotes the Doppler shift change of propa-
gation path p. With a slight misuse of notion we obtain for the
CTF

glim's Af,) = LT

The mean square error (MSE) is calculated by

(44)

| M
i > lglm’; 0] — g[ms Af,)

m'=0

G%D(Afp)

1 M—1

. ’ . 2,12
o 2 |e‘727r1/,,m (1 o ej27rAf,,TCm )‘2
M m'=0

| M
- 2,12
M Z |(1 7ej27rAprCm )|2
m'=0

The implementation of the approximated channel emulation
requires efp(Af,) < E}. An example evaluation of the error
with the parameters of Table I is shown in Fig. 5.

We consider a maximum acceleration of 420 m/s?, which
leads to Af, € {—380.3Hz/s,...,380.3Hz/s}. For the sta-
tionarity region lengths we evaluate Ty, € {256 us, 512 us,
...,2.56ms}. We consider E2 = —60dB for the error thresh-
old (cf. Table II).

The white region in Fig. 5 represents the area where 2,
(Af,) < E3.We observe that there is a trade-off between A f,,
and Ty, Considering a fixed error threshold a large Af, re-
quires small Ty, and vice versa. Please note that A f,, depends
on f; and a (cf. (43)). Hence, considering A f, fixed, to meet a
fixed error threshold, an increase of the center frequency requires
the reduction of the maximum acceleration and vice versa.! We
choose Ty = 256 s so that e (Avp (a)) < E2 for the exam-
ple implementation with E2 defined in Table Il in this paper.

The parameters of Table I are utilized for numerical evaluation
to set up the DPS sequences as described in Section II-C (cf.
(11) and (12).2

(45)

'The maximum length of the stationarity region is ultimately limited by the
complexity and storage of the used FPGA and the required accuracy of the
channel model.

2We select the velocity vmax = 400km/h (111 m/s) in Table I such that a
large variety of scenarios can be emulated, i.e., also highway scenarios with
high relative velocities. All scenarios with a velocity smaller than vy, can be
emulated by this setup.
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Fig. 6. Exemplary narrowband approximation error vs. time and frequency
index for fymax = 2.11kHz, Tstae = 256 pis, fc = 5.7 GHz,and Tc = 50 ns (cf.
Table I).

D. Narrow Band Approximation Error

In this Section we investigate the error caused by neglecting

S Y

277" in the CTF in (5). We sample (5) with Tc = 1/B’
in time direction and F; = B’/N in frequency direction and
use the definition of 7, in (6). Using the definition of g[m, ¢
in (7), considering one stationarity region and neglecting the
band-limiting filter grx[g] and grx[q] we obtain

: fpm /ch
g'm',q) = g[m’, gl 7 FTc

(46)

i fp m'g
= glm’,qe" 7T (7)
We define the normalized error per time and frequency index

by

s (fpsm',q) = |glm’ q] — g'm’, ql]* / |glm’, q] |’

'mlq

~ Jottal (1= %) [ lgim g

)

An example representation of the error with the parameters
of Table I is shown in Fig. 6. We observe that the error grows
with time and frequency index and increasing Doppler shift.
For Doppler shifts small compared to the carrier frequency and
small stationarity regions the error can essentially be neglected.
For the emulation of larger Doppler shifts, the error may leads to
a small phase discontinuity at the stationarity region boundaries.

For the design of the channel emulator we choose the parame-
ters such that ez, (A f,) + e}y + bias?(D') + bias?(D') < E3.

(48)

IV. DATA RATE AND COMPLEXITY ANALYSIS

A. Data Rate Analysis for PC-SDR Link

The compression of the CIR in terms of basis expansion
coefficients leads to an effective bandwidth reduction for the
communication link between PC and SDR. Streaming the full
CIR h]m, ] at each time instant m requires

2L Nyt .
Rt = —— bitg/s, (49)
Tc
while streaming the compressed CIR using Y ; requires
2 LD'Nypip .
Reomp = ——=—"2 bits/s. (50)

Tstat
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geometry-based channel emulator

geometry-based
channel model

Host computer¢

Y
=

FPGA

SDR

RUSK Lund channel sounder

Fig. 7. Measurement setup for the validation.

Npirt and Ny correspond to the used fixed-point precision for
streaming h[m,!] and [Y,];; to the SDR unit, respectively.
Comparing the two data rates we obtain the data rate reduction
factor

Tae NVbin1

R
full _ ) ( 51 )
Rcomp DtTC Nbit2

Tred =

Since Tc <K T We have rq > 1, i.€., we obtain a significant
data reduction. The overall bandwidth reduction depends on
Ty since D' is ultimately determined by the time-bandwidth
product [2 fpmasztaJ and the required accuracy (see (36)). For
a typical scenario with the parameters shown in Table I and
Table 1I, we obtain D' = 6. With Ny = 16 and Ny = 32
Tred ~ 427, i.e., we obtain a bandwidth reduction by a factor of
427 for the PC-SDR link.

B. Complexity Reduction Analysis

Calculating the SoCE in (7) requires O(PM N) operations
per stationarity region. The utilization of the BEM with the
approximate subspace projection enables an efficient imple-
mentation of the channel emulator with reduced computational
complexity. The calculation of the basis coefficients on the host
computer requires only a table look-up and a scaling of P prop-
agation graphs, i.e., it can be calculated in O(P) operations.
The computational complexity on the FPGA is constant and in-
dependent from the number of propagation paths and requires
O(D'LM) operations. Since D' < M and L < N the com-
putational complexity of the approximate BEM is significantly
smaller than the SoCE. With the parameters of Table I with
L =40 and P = 500 the complexity reduction amounts to

PNM

— =~ 267.
P+ DILM

C’red = (5 2)

V. MEASUREMENT AND VALIDATION SETUP

In this Section we describe the measurement procedure and
the metrics that we use for the validation of our geometry-based
channel emulator. The measurement setup is shown in Fig. 7.
The RUSK Lund channel sounder provides the emulated CIR
measurements. The TX and RX of the channel sounder are
connected via appropriate attenuators to the channel emulator.

We analyze the accuracy of our channel emulator by com-
paring the time-variant statistics of the emulated CIR with
the simulated CIR [28], [43]. For this we use the time-variant
power delay profile (PDP) and the time-variant Doppler spectral
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density (DSD), which are obtained as marginals of the local scat-
tering function (LSF) [3], [54]-[58] (see Section V-C). Please
note that there is no synchronization between the measurement
start of the channel sounder and the emulation start. The syn-
chronization is performed manually in post processing.

A. Numerical Simulation

We implement a floating point simulation of (7) in MATLAB.
On the host computer the channel model is updated periodically
for each stationarity region s to provide 7, 5,0, s and v, ;. We
obtain the simulated CIR using (10). For a fair comparison we
limit the simulated CIR to the first L taps.

B. Emulation Parameters

For emulation, we use the channel parameters shown in Ta-
ble I and the emulation parameters shown in Table II. The
update rate of the coefficients is 1/T, ~ 3.907 kHz. We set
Lpre = Lpost = 4. We use a Hann window as windowing func-
tion fyin (cf. (10)). We implement the model for an error of
Ey < —60dB. Using (36) and (37) we obtain D' = 6 and D" =
47. For an approximate subspace projection error smaller than
Ey, we set the resolution factor in time-direction r' = 4 and in
the frequency direction to 7' = 4096. The overall system delay
Teys & 5.22 pus was measured and includes the delay introduced
by the ADC and DAC, fractional decimation and first-input first-
output (FIFO) register. As SDR we use an NI USRP-2954R [59]
that is equipped with a Xilinx Kintex-7 FPGA.

C. Measurement Description

The RUSK channel sounder periodically samples the time-
variant frequency response g(t¢, f) of a channel to obtain the
discrete time-variant frequency response g[x,w] = g(xts, wfs)-
The discrete time index x € {0,...,X — 1} is sampled with
ts, with X being the total number of snapshots. The discrete
frequency index is denoted by w € {0,...,Q — 1} with Q the
number of frequency bins. The frequency resolution is defined

For the measurement, the length of the sounding sequence is
set to T' = 12.8 s, which corresponds to the maximum mea-
surable excess delay. The snapshot repetition rate is set to
ts = 102.4 pus which results in a maximum resolvable Doppler
shift vgmax = 1/(2ts) = 4.883 kHz. We record X = 10° snap-
shots for the measurement, which is equal to a measurement
time of Tieas = 10.24 s. To be able to manually synchronize the
channel sounder measurement with the geometry-based chan-
nel emulator, we emulate 8 s. We set the measurement band-
width of the channel sounder to By; = 100 MHz. The band-
width is separated in 2 = 1281 frequency bins which results in
fs = Bu/Q2 = 78.06 kHz.

To analyze the accuracy of the geometry-based channel em-
ulator we compare the statistics of the CIRs using the LSF
[3], [54]-[58]. The LSF assumes that the fading process is lo-
cally stationary within a region of M’ samples in time and N’
samples in frequency. We estimate the LSF for consecutive sta-
tionary regions in time indexed by s’. We use a multi-taper based
estimator in order to obtain multiple independent spectral esti-
mates from the same measurement [56], [60]. Since we emulate
a small bandwidth, we assume only one stationarity region in
frequency.
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The estimate of the LSF is defined by [3], [4], [43], [58], [61]
JK -1

7r 2 [

We denote by n € {0,..., N’ — 1} the delay index and by
pe{-M'/2,...,M'/2 — 1} the Doppler index, respectively.
The index of each stationarity region in time is denoted by
s €{0,...,|X/M" — 1]} and corresponds to the center of the
stationarity regions. The windowed frequency response H (¢

is calculated from

(53)

2
Cls'sn,p] = '[s'sn,p]

M'/2-1  N'j2-1

2. X

m'=—M'/2q'=—N"/2

o N, —i2r(pm"—nq’'
-Gy [m, ¢)e 32 pm"=nd’)

H(Gu,)[s/; n’p] — g[m// _ s/,q’]

(54)

where the tapers G, [m”,¢'] = w;[m"; WY, IV ]u;[¢/; W" , I"]
are two-dimensional DPS sequences [3], [50]. Here w =
(i—DI+j4, ie{l,....I}, je{l,....,J}, and W' =
[—I/M', I/M"), 1V = M'and W™ = [—J/N', J/N'] and I" =
N'. The number of tapers in time and frequency domain is set
to I =3 and J = 3, respectively [3], [58].

The delay and Doppler shift resolutions are given by 73 =
1/(N'fs) and vs = 1/(M'ts). Please note that for an accurate
implementation of the geometry-based channel emulator the
stationarity region length has to be chosen to be small enough
to meet the required error threshold (cf. Section III). For the
computation of the LSF, however, we chose the stationary re-
gion to be larger, to obtain a higher Doppler resolution. We set
M’ = 400, which corresponds to a stationarity region length of
T =~ 41 ms in the time domain or equivalently vs ~ 24.4 Hz.
Furthermore, we set N’ = 128, corresponding to an evaluation
bandwidth of B.yy ~ 10 MHz in frequency domain or equiva-
lently 75 ~ 100 ns.

The PDP and DSD are calculated as marginals of the LSF over
the Doppler or delay domain, respectively [3], [4], [61], i.e.,

M'/2-1

> Cls'sn,pl, (59)

p=—M'/2

P, [s'sn] = E, {é[s’;n,p]} L

N'—1

ﬁ,,[s/;p}:E {C[s np} N ZCS n,p.

n=0

(56)

We calculate the simulated CIR with the snapshot rate of the
channel sounder as described above. We obtain the CTF of the
simulated CIR by means of a Fourier transform. We use (53)
to calculate the LSF and (55) and (56) to calculate the PDP
and DSD, respectively. We define the mean error between the
normalized PDPs of simulation and emulation by

N'—1

e [s'] = ~ Z ||PSMN [ ] — PEMN[ ] (57)
and the error between the normalized DSDs by
| M'/2—-1
els) = 1m0 PSS p - PNl (58)
p=—M'/2

The normalized PDP PS™N[4'; ] is obtained by PS™MN[s'; n]

= PSM[s; n) /max,, (PS™[s';n]). We apply the same nor-
malization to the other PDP and to the DSDs. For the calculation
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Fig. 10. Top view of the investigated intersection (N55°42/38" E13°11'14")
in the city of Lund with the trajectories of TX and RX respectively [36].

of the error we manually synchronize the simulation and the em-
ulation.

VI. MEASUREMENT RESULTS

We validate our channel emulator with two different scenar-
ios: (a) the emulation of a single path with continuously chang-
ing path delay, and (b) a GSCM of a road intersection. We com-
pare the emulated CIR with the simulated CIR by means of the
time-variant PDP and DSD, see (57) and (58). In the Appendix
the backward compatibility of the geometry-based channel em-
ulator is shown by the emulation of ETSI channel models.

A. One-Path Channel Model

First, we validate the fundamental capability of our geometry-
based channel emulator to emulate continuously changing path

‘ ! -
60 3 d
i] B
40 b d
o3
Diffuse scatterers i o
20 A ; Discrete mobile scatterers
wo e e | g T o
E of  — R e
> - e[l Les ey . . o
Tx 5
-20 E
Static mobile scatterers E- Skl
740 »
b
~60 E Rx
—-60 —40 20 0 20 40 60
x[m]
Fig. 11.  Scatterer distribution of the channel model for a road intersection
[36].
delays. We emulate a single propagation path with a Doppler

shift that changes from —2kHz to 2kHz. This leads to a con-
tinuously changing path delay that increases and decreases, ac-
cording to the current Doppler shift. In Fig. 8, we show from
left to right (a) the normalized PDP from the simulated CIR, (b)
the normalized PDP from the emulated CIR, and (c) the error
between the normalized PDPs. We show the same plots for the
DSDs in Fig. 9.

The results show a mean error of ~ —40dB between the
DSDs and ~ —35dB between the PDPs. We obtain an error
above the intended error threshold of —60dB due to additive
measurement noise during the measurement shown, e.g., in the
DSD of the emulator measurement in Fig. 9(b). With M’ = 400
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and N’ = 128 we obtain a 10log,,(400/128) ~ 5dB smaller
mean error of the DSDs compared to the mean error of the PDPs,
which is reflected in the measurement results. The small change
of the mean error over time is due to imperfect synchronization
in post processing.

B. Geometry-Based Stochastic Channel Model

We show the capability of our geometry-based channel emu-
lator to emulate realistic propagation scenarios, by the emulation
of a GSCM of a road intersection scenario in real-time. The se-
lected intersection with the trajectories of the TX and the RX is
shown in Fig. 10. Empirical channel measurement data of the
intersection was obtained by channel measurements performed
in the city of Lund, Sweden in 2009 [3], [5].

In [36] a GSCM for this intersection crossing scenario has
been developed. The model comprises up to 617 active prop-
agation paths, each path having a time-variant Doppler shift,
delay and attenuation. We determine the number of active paths
by a visibility check between TX and RX. The GSCM includes
randomly placed scatterers that are subject to a statistical dis-
tribution [35]. The geometry and one random realization of the
point scatterer distribution are shown in Fig. 11. In [36] the
delay-spread and path-loss versus distance is compared with the
measurement data and a good match is demonstrated. We added
a diffraction model for the corners of the buildings to further
improve the non-line of sight (NLOS) to line of sight (LOS)
transition [62].3

31t is based on the assumption that diffraction can take place at a street corner
when LOS is unavailable. The attenuation of the diffraction path is calculated
by the free space path loss expression and a fictitious distance, which is given
by Berg’s recursive expression [63]. The detailed calculation of the fictitious
distance can be found in [62].

(b) Emulation

(b) Emulation
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In Fig. 12, we show from left to right the normalized PDP
of (a) the simulated GSCM, (b) the emulated GSCM, and (c)
the road intersection measurement. In Fig. 13, we show the
same comparison for the DSD. The mean error between the
normalized PDPs and DSDs of emulation and simulation are
shown in Fig. 14. The mean error shows a good match between
the numerical simulation and emulation. The error above the
intended threshold of —60 dB is due to measurement noise (see
Section VI-A).

We analyze the non-stationary fading process of the GSCM
using statistical quantities, i.e., the time-variant root mean
square (RMS) delay spread and the time-variant RMS Doppler
spread. The RMS spreads are calculated according to [3]. We ap-
ply a noise-power threshold to the emulated results to eliminate
noise components that could be mistaken as multi-path com-
ponents. The noise-power threshold is chosen 5dB above the
noise floor. The sensitivity-threshold is chosen 30 dB from the
highest peak (cf. [3], [64]). For the evaluation of the intersection
measurements the high Doppler components are excluded.*

In Fig. 15, the gray region represents the 99 % quantiles of
(a) the time-variant RMS delay spread and (b) the time-variant
RMS Doppler spread, obtained from 100 random realizations
of the GSCM scatterer placement. We plot the same second or-
der statistics for the simulation of the GSCM (Simulation), the
emulation of the GSCM (Emulation) and the road intersection

“In our channel measurement data of the road intersection shown in Fig. 13(c),
there are Doppler components visible at 1500 Hz starting from second nine
onwards. We attribute the components to interference and did not include them
in our GSCM model. The reason for this is, that the car during the measurement
was traveling at max. 60 km/h (16.7m/s). The visible Doppler components
would be caused by a velocity of 79 m/s, which is not realistic, even if multiple
reflections were considered. Hence, we are sure that these components are
caused by interference.
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Fig. 15. Comparison of the second order statistics of the road intersection scenario.

measurement (Measurement). From Fig. 15 we observe that the
RMS delay and Doppler spread curves of numerical simulation
and emulation match closely, they lay on top of each other.
For the GSCM a random realization of the scatterer placement
is utilized. The road intersection measurement corresponds to
another scatter placement. Hence, the RMS delay and Doppler
spread of simulation and emulation differ from the RMS delay
and Doppler spread of the measurement. However, the measured
RMS delay and Doppler spread are well within the gray region,
showing that our GSCM parameterization can model the road
intersection scenario. Further statistical evaluations of the mea-
sured RMS delay and RMS Doppler spreads in other scenarios
can be found in [3].

Our geometry-based channel emulator measurement results
demonstrate the capability to emulate a large number of prop-
agation paths with continuously changing path delays and
Doppler shifts that are determined by the environment geome-
try. Hence, we showed that the geometry-based channel emu-
lator is able to emulate non-stationary wireless communication
channels.

VII. CONCLUSION

In this paper we presented a real-time geometry-based chan-
nel emulator, that enables the emulation of non-stationary
doubly-selective fading channels on an SDR. Our emulator di-
rectly uses a propagation path based geometric model that allows
for continuously changing path delays and Doppler shifts. The

emulator is split into two components, a propagation module,
calculated on a general purpose multicore PC and a convolution
module, implemented on the SDR. The emulator uses a reduced-
rank BEM to compress and transmit the CIR from the PC to the
SDR, where it is decompressed and convolved with the input
signal to produce the intended output signal. Our algorithm ob-
tains a data rate reduction of more than two orders of magnitude
for the communication link from the PC to the SDR unit. For
the reduced-rank BEM we provide the mathematical theory as
well as a detailed error analysis. We measured the emulated CIR
with the RUSK Lund channel sounder for a vehicular scenario
with 617 propagation paths. A comparison of the time-variant
PDP and DSD of simulated and emulated CIR showed a close
match with an error smaller than —35 dB. Our channel emula-
tor is able to accurately emulate non-stationary fading channels
with continuously changing path delays and Doppler shifts in
real-time.

APPENDIX
ETSI TDL CHANNEL MODELS

To demonstrate the backward compatibility of the geometry-
based channel emulator to emulate TDL models, we emulate
the ETSI channel models for testing vehicular communication
systems [19], [24]. The models are TDL based and consider
channel statistics that do not change over time. The DSD of
the delay taps is modeled as a half-bathtub spectrum or as a
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full-bathtub spectrum depending on the scenario considered.
There exist five scenarios, each defining different path delays
and Doppler spectra for the corresponding paths. We emulated
and measured all scenarios. Due to space constraints we only
show the rural LOS scenario. We implement the positive (neg-
ative) half bathtub spectrum by summing 40 propagation paths
for each delay tap and adjusting the impinging angle of the
paths to the right (left) hemisphere corresponding to positive
(negative) Doppler shifts. The impinging angles are randomly
distributed on the respective hemisphere. The normalized PDPs
and DSDs, and the error are shown in Fig. 16 and Fig. 17, re-
spectively. Also here we see a close match between simulation
and emulation.

[4] L. Bernadd, T. Zemen, F. Tufvesson, A. F. Molisch, and C. F. Meck-
lenbrauker, “Time- and frequency-varying K -factor of non-stationary ve-
hicular channels for safety-relevant scenarios,” IEEE Trans. Intell. Transp.
Syst., vol. 16, no. 2, pp. 1007-1017, Apr. 2015.

A. Paier, L. Bernadd, J. Karedal, O. Klemp, and A. Kwoczek, “Overview
of vehicle-to-vehicle radio channel measurements for collision avoidance
applications,” in Proc. IEEE 71st Veh. Technol. Conf., Taipei, Taiwan,
May 2010, pp. 1-5.

0. Renaudin, V.-M. Kolmonen, P. Vainikainen, and C. Oestges, “Wideband
MIMO car-to-car radio channel measurements at 5.3 GHz,” in Proc. IEEE
68th Veh. Technol. Conf., 2008, pp. 1-5.

J. Karedal et al., “Radio channel measurements at street intersections for
vehicle-to-vehicle safety applications,” in Proc. IEEE 71st Veh. Technol.
Conf., May 2010, pp. 1-5.

C. F. Mecklenbrauker et al., “Vehicular channel characterization and its
implications for wireless system design and performance,” Proc. IEEE,
vol. 99, no. 7, pp. 1189-1212, Jul. 2011.

'W. Viriyasitavat, M. Boban, H. M. Tsai, and A. Vasilakos, “Vehicular com-
munications: Survey and challenges of channel and propagation models,”
IEEE Veh. Technol. Mag., vol. 10, no. 2, pp. 55-66, Jun. 2015.

[5]

[6]

[7]

[8]

[9]
ACKNOWLEDGMENT

The authors would like to thank O. Renaudin for valuable [10] P. Unterhuber et al., “A survey of channel measurements and models
discussions and C. Gustafson and J. Flordelis for their collabo- for current and future railway communication systems,” Mob Inf. Syst.,
. . vol. 2016, 2016, Art. no. 7308604.
ration dunng the measurements. [11] Accessed: Jan. 15, 2017. [Online]. Available: http://www.spirent.com/
[12] Accessed: Jan. 15, 2017. [Online]. Available: http://www.anite.com/
REFERENCES [13] Real-Time MIMO Channel Emulation on the NI PXIe-5644R, Nat. In-
strum. May 2013. [Online]. Available: http://http://www.ni.com/example/
[1] ITU, “Minimum requirements related to technical performance for IMT- 31556/en/. Accessed: Jan. 15, 2016.
2020 radio interface(s),” Int. Telecommun.Union, Geneva, Switzerland,  [14] D. Vlastaras, S. Malkowsky, and E. Tufvesson, “Stress test of vehicular
Tech. Rep. M.2410-0 (11/2017), 2017. communication transceivers using software defined radio,” in Proc. IEEE
[2] M. Shaf et al., “5G: A tutorial overview of standards, trials, challenges, 81st Veh. Technol. Conf., vol. 41, no. 2, May 2015, pp. 1-4.
deployment, and practice,” IEEE J. Sel. Areas Commun, vol. 35, no. 6,  [15] G. Ghiaasi, M. Ashury, D. Valstaras, M. Hofer, Z. Xu, and T.
pp- 1201-1221, Jun. 2017. . Zemen, “Real-time vehicular channel emulator for future conformance
[3] L. Bernadd, T. Zemen, F. Tufvesson, A. F. Molisch, and C. F. Mecklen- tests of wireless its modems,” in Proc. 10th Eur. Conf. Antennas Propag.,
brauker, “Delay and Doppler spreads of nonstationary vehicular channels Apr. 2016, pp. 1-5.
for safety-relevant scenarios,” IEEE Trans. Veh. Technol., vol. 63, n0. 1, [16] “MKG Sys,” [Online]. Available: https://www.mkgsys.com/. Accessed:

pp. 82-93, Jan. 2014,

Jan. 15, 2016.



1644

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 2, FEBRUARY 2019

T. Fernandez-Caramés, M. Gonzilez-Lopez, and L. Castedo, “FPGA-
based vehicular channel emulator for real-time performance evaluation
of IEEE 802.11p transceivers,” EURASIP J. Wireless Commun. Netw.,
vol. 2010, no. 1, 2010, Art. no. 607467.

J. Matai, P. Meng, L. Wu, B. Weals, and R. Kastner, “Designing a
hardware in the loop wireless digital channel emulator for software
defined radio,” in Proc. Int. Conf. Field-Prog. Technol., Dec. 2012,
pp. 206-214.

T. Blazek, C. Mecklenbrauker, G. Ghiaasi, D. Smely, and M. M. Ashury,
“Vehicular channel models: A system level performance analysis of tapped
delay line models,” in Proc. IEEE Proc. 15th Int Conf. ITS Telecommun.,
Warsaw, Poland, 2017, pp. 1-8.

G. Ghiaasi, T. Blazek, M. Ashury, S. R. Ramalho, and C. Mecklenbrauker,
“Real-time emulation of nonstationary channels in safety-relevant vehic-
ular scenarios,” Wireless Commun. Mobile Comput., vol. 2018, Feb. 2018,
Art. no. 2423837.

Q. Zhu et al., “A novel 3D non-stationary wireless MIMO channel sim-
ulator and hardware emulator,” IEEE Trans. Commun., vol. 66, no. 9,
pp- 3865-3878, Sep. 2018.

Z. Xu, M. Gan, and T. Zemen, “Cluster-based non-stationary vehicular
channel model,” in Proc. 10th Eur. Conf. Antennas Propag., Apr. 2016,
pp. 1-5.

Z. Xu, M. Gan, C. F. Mecklenbraeuker, and T. Zemen, “Cluster spreads
for time-variant vehicular channels,” in Proc. 9th Eur. Conf. Antennas
Propag., May 2015, pp. 1-5.

“ETSI TS 103 257 - Intelligent Transport Systems (ITS); Access
Layer; ITS-G5 Channel Models and Performance Analysis Framework,”
Mar. 2017.

F. Kaltenberger, T. Zemen, and C. W. Ueberhuber, “Low-complexity
geometry-based MIMO channel simulation,” EURASIP J. Adv. Signal
Process., vol. 2007, no. 1, 2007, Art. no. 095281.

F. Kaltenberger, “Low complexity simulation of wireless channels using
discrete prolate spheroidal sequences,” Ph.D. dissertation, Tech. Univ.
Vienna, Wien, Austria, May 2007.

F. Kaltenberger, G. Steinbock, G. Humer, and T. Zemen, “Low-complexity
geometry based MIMO channel emulation,” Proc. Ist Eur. Conf. Antennas
Propag., vol. 626, Oct. 2006, pp. 1-8.

M. Hofer, Z. Xu, and T. Zemen, ‘“Real-time channel emulation of a
geometry-based stochastic channel model on a SDR platform,” in Proc.
IEEE 18th Int. Workshop Signal Process. Adv. Wireless Commun., Sap-
poro, Japan, Jul. 2017, pp. 1-5.

J. Maurer, “Strahlenoptisches Kanalmodell fuer die Fahrzeug-Fahrzeug-
Funkkommunikation,” Ph.D. dissertation, Univ. Karlsruhe, Karlsruhe,
Germany, 2005.

J. Maurer, T. Fugen, and W. Wiesbeck, “Narrow-band measurement and
analysis of the inter-vehicle transmission channel at 5.2 GHz,” in Proc.
IEEE 55th Veh. Technol. Conf., vol. 3, 2002, pp. 1274-1278.

J. Maurer, T. M. Schafer, and W. Wiesbeck, “A realistic description of
the environment for inter-vehicle wave propagation modelling,” in Proc.
IEEE 54th Veh. Technol. Conf., vol. 3, 2001, pp. 1437-1441.

J. Maurer, T. Fugen, T. Schafer, and W. Wiesbeck, “A new inter-vehicle
communications (IVC) channel model,” in Proc. IEEE 60th Veh. Technol.
Conf., vol. 1, Sep. 2004, pp. 9—13.

Z. Yun and M. F. Iskander, “Ray tracing for radio propagation model-
ing: Principles and applications,” IEEE Access, vol. 3, pp. 1089-1100,
2015.

M. Gan, “Accurate and low-complexity ray tracing channel mod-
eling,” Ph.D. dissertation, Technical Univ. Vienna, Vienna, Austria,
2015.

J. Karedal et al., “A geometry-based stochastic MIMO model for vehicle-
to-vehicle communications,” IEEE Trans. Wireless Commun., vol. 8,no. 7,
pp. 3646-3657, Jul. 2009.

Z. Xu et al., “Relaying for IEEE 802.11p at road intersection using a
vehicular non-stationary channel model,” in Proc. 6th Int. Symp. Wireless
Veh. Commun., Vancouver, Canada, Sep. 2014, pp. 1-6.

K. Mahler, W. Keusgen, F. Tufvesson, T. Zemen, and G. Caire,
“Measurement-based wideband analysis of dynamic multipath propaga-
tion in vehicular communication scenarios,” IEEE Trans. Veh. Technol,
vol. 66, no. 6, pp. 4657-4667, Jun. 2017.

R. He etal., “A dynamic wideband directional channel model for vehicle-
to-vehicle communications,” IEEE Trans. Ind. Electron., vol. 62, no. 12,
pp. 7870-7882, Dec. 2015.

P. Almers et al., “Survey of channel and radio propagation models
for wireless MIMO systems,” EURASIP J. Wireless Commun. Netw.,
vol. 2007, no. 1, Feb. 2007, Art. no. 019070.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

X. Liang, X. Zhao, S. Li, Q. Wang, and W. Lu, “A 3D geometry-based
scattering model for vehicle-to-vehicle wideband MIMO relay-based co-
operative channels,” China Commun., vol. 13, no. 10, pp. 1-10, Oct. 2016.
M. Zhu, G. Eriksson, and E. Tufvesson, “The COST 2100 channel model:
Parameterization and validation based on outdoor MIMO measurements
at 300 MHz,” IEEE Trans. Wireless Commun., vol. 12, no. 2, pp. 888-897,
Feb. 2013.

W. 1. WP5, “Final report on link level and system level channel models,”
Nov. 2005.

M. Hofer et al., “Validation of a real-time geometry-based stochastic
channel model for vehicular scenarios,” in Proc. IEEE 87th Veh. Technol.
Conf., Jun. 2018, pp. 1-5.

T. Zemen, L. Bernadé, N. Czink, and A. Molisch, “Iterative time-
variant channel estimation for 802.11p using generalized discrete pro-
late spheroidal sequences,” IEEE Trans. Veh. Technol., vol. 61, no. 3,
pp. 1222-1233, Mar. 2012.

N. Czink, F. Kaltenberger, Y. Zhou, L. Bernadd, T. Zemen, and X. Yin,
“Low-complexity geometry-based modeling of diffuse scattering,” Proc.
4th Eur. Conf. Antennas Propag., 2010, pp. 1-4.

D. Tse and P. Viswanath, Fundamentals of Wireless Communication. New
York, NY, USA: Cambridge Univ. Press, 2005.

F. Hlawatsch and G. Matz, Wireless Communications Over Rapidly Time-
Varying Channels, 1st ed. New York, NY, USA: Academic, 2011.

M. Walter, T. Zemen, and D. Shutin, “Empirical relationship between
local scattering function and joint probability density function,” in Proc.
IEEE 26th Int. Symp. Pers. Indoor Mobile Radio Commun., Aug. 2015,
pp. 542-546.

M. Walter, D. Shutin, and A. Dammann, “Time-variant Doppler PDFs and
characteristic functions for the vehicle-to-vehicle channel,” IEEE Trans
Veh. Technol., vol. 66, no. 12, pp. 10748-10763, Dec. 2017.

D. Slepian, “Prolate spheroidal wave functions, Fourier analysis, and
uncertainty-V: The discrete case,” Bell Syst. Techn J., vol. 57, no. 5,
pp. 1371-1430, May 1978.

F. Kaltenberger, T. Zemen, and C. Ueberhuber, “Low-complexity dou-
bly selective channel simulation using multidimensional discrete prolate
spheroidal sequences,” in Proc. 15th IST Mobile Wireless Commun. Sum-
mit, 2006, pp. 1-5.

T. Zemen, C. Mecklenbrauker, F. Kaltenberger, and B. Fleury, “Minimum-
energy band-limited predictor with dynamic subspace selection for time-
variant flat-fading channels,” IEEE Trans. Signal Process., vol. 55, no. 9,
pp. 4534-4548, Sep. 2007.

T. Zemen and A. Molisch, “Adaptive reduced-rank estimation of nonsta-
tionary time-variant channels using subspace selection,” IEEE Trans. Veh.
Technol., vol. 61, no. 9, pp. 4042—4056, Nov. 2012.

G. Matz, “On non-WSSUS wireless fading channels,” IEEE Trans. Wire-
less Commun., vol. 4, no. 5, pp. 2465-2478, Sep. 2005.

G. Matz, “Doubly underspread non-WSSUS channels: Analysis and es-
timation of channel statistics,” in Proc. IEEE 4th Int. Workshop Signal
Process. Adv. Wireless Commun., Jun. 2003, pp. 190-194.

D.J. Thomson, “Spectrum estimation and harmonic analysis,” Proc. IEEE,
vol. 70, no. 9, pp. 1055-1096, Sep. 1982.

L. Bernado, T. Zemen, A. Paier, J. Karedal, and B. H. Fleury,
“Parametrization of the local scattering function estimator for vehicular-
to-vehicular channels,” in Proc. IEEE 70th Veh. Technol. Conf., Sep. 2009,
pp- 1-5.

L. Bernado, T. Zemen, F. Tufvesson, A. F. Molisch, and C. F. Meck-
lenbraeuker, “The (in-) validity of the WSSUS assumption in vehicular
radio channels,” in Proc. IEEE 23rd Int. Symp. Pers. Indoor Mob. Radio
Commun., Sep. 2012, pp. 1757-1762.

Device Specifications, “NI USRP-2594R, 10 MHz to 6 GHz Tunable RF
Transceiver,” Nat. Instrum., Austin, TX, USA.

D. B. Percival and A. T. Walden, Spectral Analysis for Physical Applica-
tions: Multitaper and Conventional Univariate Techniques. Cambridge,
U.K.: Cambridge Univ. Press, 1993.

E. Zoechmann et al., “Measured delay and Doppler profiles of over-
taking vehicles at 60 GHz,” in Proc. 12th Eur. Conf. Antennas Propag.,
Apr. 2018, pp. 1-5.

METIS, Deliverable D1.4 - METIS channel models. Jul. 2015. [Online].
Available: https://www.metis2020.com/wp-content/uploads/METIS_D1.
4_v3.pdf

J. E. Berg, “A recursive method for street microcell path loss calculations,”
in Proc. IEEE 1995 6th Int. Symp. Pers. Indoor Mobile Radio Commun.,
vol. 1, Sep. 1995, pp. 140-143.

L. Bernado et al., “In-tunnel vehicular radio channel characterization,” in
Proc. IEEE 73rd Veh. Technol. Conf., May 2011, pp. 1-5.



HOFER et al.: REAL-TIME GEOMETRY-BASED WIRELESS CHANNEL EMULATION

Markus Hofer received the Dipl.-Ing. degree (with

distinction) in telecommunications from the Vienna

University of Technology, Wien, Austria, in 2013.

Since 2013, he has been working toward the Ph.D.

degree in telecommunications. From 2013 to 2015,

he was with the Telecommunications Research Cen-

ter, Vienna working as a Researcher in “Signal and

Information Processing” Department. Since 2015, he

| has been with the AIT Austrian Institute of Technol-

\\ ogy as a Junior Scientist in the Research Group for

: ultrareliable wireless machine-to-machine commu-

nications. His research interests include low-latency wireless communications,

vehicular channel measurements, modeling and emulation, time-variant chan-

nel estimation, mmWave, massive MIMO, cooperative communication systems,
and interference management.

Zhinan Xu received the M.Sc. degree in wire-
less communications from Lund university, Lund,
Sweden, in 2011 and the Ph.D degree in telecom-
munications from the Vienna University of Technol-
ogy, Vienna, Austria, in 2016. From 2008 to 2009, he
worked as Mobile Network Engineer with Huawei
Technologies, Shenzhen, China. From 2011 to 2015,
he was with the Telecommunications Research Cen-
ter Vienna working as a Researcher in “Signal and
Information Processing” Department. From 2015 to
2016, he was with AIT Austrian Institute of Tech-
nology as a Scientist in the research group for ultrareliable wireless machine-
to-machine communications. His research interests include interference man-
agement, cooperative communication systems, vehicular communications, and
channel modeling.

Dimitrios Vlastaras received the master’s degree
in computer science and engineering and a Licenti-
ate degree in electrical engineering, both from Lund
University, Lund, Sweden, in 2014 and 2017, respec-
tively. He started his career in wireless systems work-
ing as a Systems Tester for Ericsson Mobile Platforms
in 2008. He is currently working with 5G as a Sys-
tems Designer at Ericsson, Lund.

Bernhard Schrenk (S’10-M’11) was born in
Austria, in 1982. He received the M.Sc. degree in mi-
croelectronics from the Technical University of Vi-
enna, Wien, Austria, in 2007. In 2011, he received
the Ph.D. degree from UPC BarcelonaTech, Spain.
His Ph.D thesis on multifunctional optical network
units for next-generation Fiber-to-the-Home access
networks was carried out within the FP7 SARDANA
and EURO-FOS projects. He was with the Institute of
Experimental Physics of Prof. A. Zeilinger, where he
was involved in the realization of a first commercial
prototype for a quantum cryptography system, within the European SECOQC
Project. In 2011, he joined the Photonic Communications Research Laboratory,
NTUA, Athens, as Postdoctoral Researcher and established his research activ-
ities on coherent FTTH under the umbrella of the FP7 GALACTICO Project.
In 2013, he established his own research force on photonic communications
at AIT Austrian Institute of Technology, Vienna, where he is working toward
next-generation metro-access-5G networks, photonics integration technologies
and quantum optics. He has authored and coauthored 125 publications in top-
of-the-line (IEEE, OSA) journals and presentations in the most prestigious and
highly competitive optical fiber technology conferences. He was further awarded
with the Photonics21 Student Innovation Award and the Euro-Fos Student Re-
search Award for his Ph.D. thesis, honoring not only his R&D work but also its
relevance for the photonics industry. He was elected as Board-of-Stakeholder
member of the Photonics21 European Technology Platform in 2017. During
his extensive research activities he was and is still engaged in several European
projects such as SARDANA, BONE, BOOM, APACHE, GALACTICO, EURO-
FOS, and the Quantum Flagship Project UNIQORN. In 2013, he received the
European Marie-Curie Integration Grant WARP-5. In 2018, he was awarded by
the European Research Council with the ERC Starting Grant COYOTE, which
envisions coherent optics everywhere.

1645

David Loschenbrand received the Dipl.-Ing. degree
(with distinction) in telecommunications from the TU
Wien, Wien, Austria, in 2016. From 2012 to 2015,
he worked with the Institute of Telecommunications,
TU Wien on antenna measurements and characteriza-
tion. Since 2016, he has been with the AIT Austrian
Institute of Technology as a Junior Scientist in the
research group for ultrareliable wireless machine-
to-machine communications. His research interests
include massive MIMO, vehicular channel measure-
ments and modeling, and real-time signal processing.

Fredrik Tufvesson received the Ph.D. degree from
Lund University, Lund, Sweden, in 2000. After two
years at a startup company, he joined the Department
of Electrical and Information Technology, Lund Uni-
versity, where he is currently a Professor of radio
systems. His main research interests include interplay
between the radio channel and the rest of the com-
munication system with various applications in 5G
systems such as massive MIMO, mm wave commu-
nication, vehicular communication, and radio-based
positioning.

He has authored around 80 journal papers and 140 conference papers, he
recently got the Neal Shepherd Memorial Award for the best propagation paper
in IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY and the IEEE Commu-
nications Society Best Tutorial Paper Award.

Thomas Zemen (S’03-M’05-SM’10) received the
Dipl.-Ing. degree (with distinction) in electrical en-
gineering in 1998, the Doctoral degree (with dis-
tinction) in 2004, and the Venia Docendi (Habilita-
tion) for “Mobile Communications” in 2013, all from
the Vienna University of Technology, Wien, Austria.
Since 2014, he has been a Senior Scientist
at AIT Austrian Institute of Technology, Vienna,
P / Austria, leading the Reliable Wireless Communica-
§§ tions Group. He took on the role of thematic coordi-
nator for physical layer security in 2018. From 2003
to 2014, he was with FTW Forschungszentrum Telekommunikation Wien head-
ing the “Signal and Information Processing” Department since 2008. From 1998
to 2003, he worked as a Hardware Engineer and Project Manager for the Ra-
dio Communication Devices Department, Siemens, Austria. He has authored
four book chapters, 35 journal papers, and more than 105 conference com-
munications for which he also served as a Reviewer. He holds two patents in
the field of wireless communications. His research interests focus on wireless
ultrareliable low-latency communications system for autonomous vehicles and
industrial production environments, massive MIMO systems, time-variant chan-
nel measurements, modeling and real time emulation, software-defined radio
rapid prototyping, and indoor localization.

Dr. Zemen is an external Lecturer with the Vienna University of Technology
and served as an Editor for the IEEE TRANSACTIONS ON WIRELESS COMMUNI-
CATIONS from 2011 to 2017. He is a member of the European Association for
Signal Processing and Strategic Advisor to the Austrian Federal Ministry for
Transport, Innovation and Technology (BMVIT) for intelligent transportation
systems.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


