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Glossary

ADC Analogue-To-Digital Converter

AF Activity Factor

AWGN Additive White Gaussian Noise

BER Bit Error Rate

BPSK Binary Phase-Shift Keying

CEPT European Conference of Postal and Telecommunications Administrations
DAC Digital-To-Analogue Conversion

DC Duty Cycle

DS-UWB Direct Sequence Ultra Wideband

EC European Commission

ECC Electronic Communications Committee
EVM Error Vector Magnitude

FDD Frequency Division Duplex

FH-UWB Frequency Hopping Ultra Wideband
FS Fixed System

I/N Interference-to-Noise

LDC Low Duty Cycle

LOS Line Of Sight

NIR Noise-to-Interference Ratio

PAR Peak-to-Average Ratio

PF Penetration Factor

PRF Pulse Repetition Frequency

PRI Pulse Repetition Interval

PSD Power Spectral Density

PTP Point-To-Point

QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase-Shift Keying

RF Radio Frequency

RMS Root Mean Square

SINR Signal-to-Interference-plus-Noise Ratio
SNR Signal-to-Noise Ratio

SRR Short Range Radar

UWB Ultra Wideband



1. Introduction

Currently, there are two frequency bands allocated to Ultra-Wideband (UWB) automotive short
range radar (SRR) equipment in Europe. In its Decision 2005/50/EC of 17 January 2005 [1] the
European Commission (EC) designated the frequency band 21.65-26.65 GHz (referred to as the “24
GHz band”) for use until mid 2013. The frequency band 77-81 GHz (the “79 GHz band”) has been
designated and made available for permanent usage by EC Decision 2004/545/EC of 8 July 2004 [2]
In order to ease the transition from 24 GHz to 79 GHz technology the EC considers authorizing the
use of a band in the 24 GHz range for SRR beyond 2013. In Report 37 of the European Conference of
Postal and Telecommunications Administrations (CEPT) [3] which was prepared in response to the
“SRR mandate 2” issued by the EC to the CEPT it is proposed to allocate the frequency band 24.25 —
27.50 GHz (the “26 GHz band”) to SRR and reduce the risk of interference to licensed services
operating in the same band through lower transmit power limits and low duty cycle (LDC) operation.
As this proposal was not accepted the discussion now centres on the frequency band 24.25 — 26.65
GHz (the “revised 26 GHz band”).

The objective of this report is to complement the very detailed and comprehensive compatibility
studies that have been undertaken by CEPT, ITU-R, ETSI, and other institutions over the past years by
evaluating the impact of LDC on the level of interference generated by automotive UWB SRR systems
in the revised 26 GHz band. In particular, the impact on digitally modulated single carrier signals as
used by licensed microwave fixed wireless links is investigated. The conclusions drawn in this report
will hopefully be useful for defining the future regulation for automotive SRR in the European Union.



2. Test concept

In this study we investigate the impact of single-source and aggregate interference from pulsed UWB
signals, with and without LDC, on a victim signal. The victim signal is a single-band digitally modulated
signal with a carrier frequency in the 24.25-26.65 GHz range, as used by licensed point-to-point (PTP)
microwave links. For this purpose we conducted a series of measurements and simulations.

Quantifying the impact of automotive UWB SRR on microwave fixed links is a very complex matter.
Widely varying system characteristics, geography, weather, climate, and many other parameters
have to be taken into account. Nevertheless this subject has been thoroughly researched so that we
considered it unnecessary trying to reproduce previous research work.

We therefore decided to conduct a comparative study with the goal to determine the potential gain
in Signal-to-Noise Ratio (SNR) achieved by applying various duty cycles to SRR-like UWB signals.

As metric for determining the quality of the victim signal we chose the error vector magnitude (EVM).
While the bit error rate (BER) is the preferred parameter to verify receiver performance, the EVM is
an alternative to examine the quality of a demodulated signal if measuring the BER directly is not
practical or possible. The meaning of the EVM can best be understood by looking at the |Q diagram or
constellation of a digitally modulated signal. In Figure 1 two versions of the constellation of a 16-
QAM signal are shown. Without impairment, the symbol locations are well defined (left). In the
presence of noise, however, symbol locations vary according to the level of impairment (right).

¥ | # #

Figure 1: Constellation of a digitally modulated signal (16-QAM),
ideal (left), and in the presence of noise (right)

The soft symbol decisions obtained after decimating the recovered waveform at the demodulator
output are compared against the ideal symbol locations (Figure 2). The root mean square (RMS) error
vector magnitude and phase error are then used in determining the EVM measurement over a
window of a certain number of demodulated symbols.
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Figure 2: Error Vector Magnitude
(source: National Instruments)

To remove the dependence on system gain distribution, EVM is normalized by |v| and expressed as a
percentage.

From the EVM the BER can be deducted via the SNR which can be expressed as:

SNR [dB] =—20 * log (EVM [%]/ 100)
The relation between SNR and BER which depends on the type of modulation is well established.
Generally, it is assumed that the noise “N” is Additive White Gaussian Noise (AWGN) with a finite

peak-to-average ratio, while in this study we have to consider impulsive noise. Nevertheless, the EVM
can provide an indication of the level of impairment to be expected.



3. Signal characteristics

3.1 Interfering signal

There are numerous modulation schemes that may be employed in automotive SRR systems, a
selection of which is presented in [6] [1] . In this study we chose Pulsed Frequency Hopping (FH).
Pulsed FH-UWB is considered to have a reduced interference impact compared to other pulsed UWB
variants [4] and may therefore be the preferred technology for future deployments.

The basic UWB signal characteristics are shown in Table 1. The values for the “24 GHz band” [5] are
provided as a reference only.

Original limits for the Proposal for the
"24 GHz band" "revised 26 GHz band"
Reference CEPT Report 36 DG INFSO
SRR Frequency Range 21.65-26.65 GHz (5 GHz) 24.25-26.65 GHz (2 GHz)
Mean e.i.r.p. @ 1MHz/ms -41.3dBm/MHz -50 dBm/MHz

-7dBm/50MHz (for iBW350MHz) or
-7dBm - 20*log(50MHz / iBW)

Peak e.i.r.p. @ 50MHz 0dBm measured with RBW = iBW
(for IBW<50MHz)
Duty Cycle (DC) No limit (up to 100%) 2% to 10% per 50MHz and per sec

Table 1: Comparison of UWB signal characteristics

The terms Pulse, Pulse width, Burst, Duty Cycle (DC), and Activity Factor (AF) illustrated in Figure 3
have been defined according to [4] .

Pulse Burst

PRI

TON : TOFF

b T g

ACT

Duty Cycle (DC) = Top / (Ton + Toe)

Th_act

Activity Factor (AF) = Tyer / (Tacr + Ty act)

Figure 3: UWB pulse definition (based on ETSI TR 102 664 v1.2.1)



An exemplary hopping sequence of a pulsed FH-UWB signal is shown in Figure 4. The duty cycle is
observed in both time and frequency domains.
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Figure 4: Exemplary hopping sequence of a pulsed FH-UWB signal with DC

3.2 Victim signal

A typical victim signal is characterized by the following parameters:
- System type: Short-range Point-to-Point (PTP) microwave link
- RF band: 26 GHz Band (24.25 - 26.5 GHz)
- Channel bandwidth: 7, 14, 28, 56 MHz
- Signal type: Single carrier
- Modulation: QPSK, 8PSK, 16 QAM, 32 QAM, 64 QAM, 128 QAM, 256 QAM-L,
256 QAM-H
- Duplexing method: FDD
- Tx/Rx channel separation: 1008 MHz

Further victim signal characteristics are described in [7] .
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Figure 5: FS frequency allocation in the 24.5 -26.5 GHz band (source: CEPT T/R13-02)



4. Test scenarios

4.1 Single-source interference
The impact of different types of UWB pulses on the EVM of the victim signal was investigated. Pulses

were transmitted continuously and with various duty cycles applied.

Reference Pulse "Worst case" | "Worst case" ECC Rep. 158 | ECC Rep. 158
Pulse 1 Pulse 2 Pulse 3 Pulse 4

Pulse shape Rectangular Rectangular Rectangular Rectangular Rectangular
Single pulse bandwidth [MHz] 50 50 50 50 50
PRI [ns] 180 800 160 10000 370
PRF [MHz] 5,56 1,25 6,25 0,1 2,7
Duty cycle within 50 MHz 100% | 10% 2% 100% 10% 100% 2% 100% 10% 100% 10%
Burst length [us] - 20 - 96 - 19,2 - 20 - 20
Cycle duration [us] - 200 | 1.000 - 960 - 960 - 200 - 200
Burst frequency [kHz] - 5,0 1,0 - 1,04 - 1,0 - 5,0 - 5,0

Table 2: FH-UWB pulse parameters — Single interferer scenario

The parameters of the reference pulse were chosen according to the example of an automotive SRR
system provided in section B.1.2 of [4] , the parameters of the other pulses match those of pulsed FH-
UWSB signals identified as being particularly critical in [8] .

4.2 Aggregate interference

For evaluating the impact of LDC on interference generated my multiple sources a single-car entry
scenario comparable to the ones defined in [8] [9] [8] and [10] was as chosen. As antenna directivity
and gain were not considered we assumed a horizontal offset of zero between road and FS receiver.

10 m

FS receiver

Interfering UWB signal

o5 m gl

Victim signal (FS)

3000 m

Figure 6: Aggregate interference scenario (single-car entry)

The following parameters were applied:
- Road length: 3000 m
- Carlength:4m
- Distance between cars: 20 m
- Car height: 1.5 m
- SRR height above ground: 0.5 m
- FSreceiver height: 10 m
- No. of SRR sensors per car: 2 (front)




Four market penetration scenarios were investigated, with penetration rates of 7%, 10%, 40%, and
100%. The number of cars was calculated accordingly as 9, 13, 50, and 125. In the measurements, as
well as in the simulations we took worst-case assumptions, i. e. all SRR-equipped cars would be
located as closely as possible to the victim receiver.

The effect of shading was taken into account according to the definition given in [9] Bumper loss,
antenna gain and directivity, rain fading and other effects have not been taken into account as they
are not relevant for this comparative study.

Activity factors lower than 100% were not taken into account in this study. Studies performed by ITU-
R revealed that the average activity factor is close to 50% corresponding to a reduction of the
aggregate interference level of approx. 3 dB [11] .

For the aggregate interference scenario three different pulse types were evaluated, operating in
continuous mode and with different duty cycles.

Pulse 1 Pulse 2 Pulse 3
Pulse shape Rectangular Rectangular Rectangular
Single pulse bandwidth [MHz] 50 50 50
PRI [ns] 180 800 160
PRF [MHz] 5,556 1,25 6,25
Burst length [us] - 20 - 96 - 19,2
Duty cycle within 50 MHz 100% 10% 2% 100% 10% 100% 2%
Max. mean power [dBm/MHz] -41,3 -41,3 -41,3

Table 3: FH-UWB pulse parameters — Aggregate interference scenario

The parameters of Pulse 1 were chosen according to the example of an automotive SRR system
provided in section B.1.2 of [4], the parameters of Pulses 2 and 3 match those of pulsed FH-UWB
signals identified as being particularly critical in [8] .
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5. Measurements

5.1 Setup and signal generation

For reasons of flexibility both the victim and the interfering signals were generated with configurable
microwave signal generators. The victim base band signal was generated with an Agilent E8267
vector signal generator and then upconverted to 26 GHz with an Agilent E8257 analogue signal
generator.

The signal of the single interferer was generated with a second Agilent E8257 in stand-alone mode.
For applying different duty cycles a gating signal was generated by a Tektronix AFG3251 function
generator.

The aggregate interference signal was programmed in MATLAB, generated in the baseband with an
Agilent N6030A Arbitrary Waveform Generator and then upconverted to 26 GHz with the E8267 and
E8257 combination.

Victim and interfering signals were combined through a microwave combiner and the resulting signal
was analysed using an Agilent N9030A Vector Signal Analyser.

Signal generator
Tektronix AFG3251 Interferer
RF Upconverter 1 Baseband VC;t\J/::’szr/n
250 KHz-67 GHz | {Signal Generator 1| | Generator
Agilent E8257 Agilent E8267 Agilent N6030A
RF Combiner/Coupler
Vector
Signal Analyzer + :—
3 Hz-26.5 GHz
Agilent N9030A
RF Upconverter 2 Baseband
250 KHz-67 GHz | {Signal Generator 2
Agilent E8257 Agilent E8267

Victim system

Figure 7: Measurement setup — Concept
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Figure 8: Victim and interfering signal generation

The 26 GHz victim signal was generated by means of an arbitrary waveform generator. Because the
acquisition and analysis bandwidth of the Agilent signal analyser was limited to 40 MHz all
measurements were made with a victim signal bandwidth of 28 MHz.

T Agilent Spectrum Analyzer - Occupied BW @@E

_1_" 50 9 | AC SENSE:INT| SCOURCE OFF ANALIGH OFF 11:53:01 PMFeb 13,2011

x dB -26.00 dB Center Freq: 26.000000000 GHz Radio 5td: None Meas Setup
, ) Trig:Free Run Avg|Hold:>10/10

Input: RF
He- Radio Device: BTS Avg/Hold Num
10

HIFGain:Low | #Atten: 0 dB

Oon Off|

Ref -20.00 dBm
Avg Mode
Exp Repeat|

OBWPower
99.00 %

Span 100 MH

Center 26 GHz
Sweep 1ms

Res BW 910 kHz VBW 8 MHz
Total Power -24.8 dBm

Occupied Bandwidth

27.854 MHz

Transmit Freq Error -148.39 kHz OBW Power 99.00 %
x dB Bandwidth 32.01 MHz x dB -26.00 dB

Click here to begin

=7 Start.

Figure 9: Victim signal (centre frequency: 26 GHz, channel bandwidth: 28 MHz)

Commercial FS PTP systems support a wide range of modulations. It would have been too time-
consuming to test them all; therefore we focused on the higher-capacity modulations 64-QAM, 128-

QAM, and 256-QAM in this study.
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The first step was to optimise the signal path (and thus minimise the victim signal EVM) using the
adaptive equaliser function of the spectrum analyser. In the second step the victim signal level was
reduced to a level that resulted in a SNR corresponding to a BER! of 10°®.

64QAM 1280AM 256QAM
BER | SNR[dB] EVM SNR [dB] EVM SNR [dB] EVM
10° 22,6 7,4% 25,7 5,2% 28,4 3,8%
10" 24,3 6,1% 27,4 4,3% 30,2 3,1%
10° 25,5 5,3% 28,6 3,7% 31,6 2,6%
10° 26,5 4,7% 29,5 3,4% 32,6 2,3%
107 27,4 4,2% 30,2 3,1% 33,4 2,1%
10 28,1 3,9% 30,8 2,9% 33,4 2,1%
10° 28,6 3,7% 31,2 2,7% 34,7 1,8%

Table 4: BER and the corresponding SNR and EVM values for different modulations

Next, the interfering signal was added, starting at an I/N level of -32 dB. The output power level of
the UWB signal generator had been adjusted for each pulse so that the maximum mean power level
remained constant for all pulses. The signal level was then increased in steps of 2 dB and the impact
on the average victim EVM was recorded. The correlation of the EVM and the interfering signal
(indicated by the I/N ratio) for one of the investigated pulse types is shown in Figure 10. In order to
make sure even the longest UWB burst (96 us) was captured in its entirety the EVM was averaged
over 2099 symbols which corresponds to approx. 100 us. This procedure was repeated for a number
of combinations of pulse type, victim modulations, and duty cycle.

7%

—8—64QAM
6% - 128QAM
—o—256QAM

5% A

]
R
,

Victim signal EVM

w
X
)

\'

2%

1% 4

0%

-32 -30 -28 18 20 22 24 26 28 30 32 34 36 38

I/N at victim receiver [dB]

Figure 10: Victim signal EVM vs. SRR interference level for various victim signal modulation types
(SRR pulse width=20 ns, PRI = 180 ns)

! See note on BER in section 2. Test concept
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An exemplary spectrum analyser display is shown in Figure 11. Spectrum, EVM and the constellation
of a 128-QAM signal are displayed.

| Agilent VXA Yector Signal Analyzer - Digital Demod @@@

SENSEINT| SOURCE OFF A\BLIGN OFF ; .
Avg|RMS: 246/500 Adaptive EQ

=1 Trig: Free Run
Range: -32.00 dBm

ime On Off

RefodF S —

T T O | T Filter Length

| 31 symbols
|

Convergence

0.000500
J—

258254717 258264717 Stop 2089 sym Hold
Oon Off|
im Mkr1 25 999 800 000 Hz ]
Ref 32 dBm -49.997 dBm "

” =T — Tl : Reset Filter
4 Coefficients

Center 26 GHz Span 40 MHz
Res BW 133.573 kHz TimeLen 28.59375 us 1E
m@mign Now, All required

Figure 11: Victim signal (centre frequency: 26 GHz, modulation: 128-QAM), no interference

Figure 12 shows the spectrum of one of the UWB signals used in this study.

T Agilent Spectrum Analyzer - Swept SA
( SENSEINT| SOURCE OFF | /NALIGH OFF [05:15:49 &M Feb 14, 2011
Span 500.000000 MHz . #Avg Type: Pwr(RMS)
PNO: Fast ) 119:FreeRun Avg|Hold:>200/200
IFGain:High #Atten: 0 dB

Mkr1 26.000 0 GHz [0
Ref -20.00 dBm -50.563 dBm.

LastSpan

Center 26.0000 GHz Span 500.0 MHz
#Res BW (CISPR) 1 MHz #VBW 3.0 MHz* #Sweep 1.00 s (1001 pts)

T €3 Align Now, All required

Figure 12: Spectrum of a pulse train (Pulse width = 20 ns, PRI = 800 ns)
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5.2 Measurement results — Single-source interference

The first set of measurements was made with continuous UWB signals, i.e. with a duty cycle of 100%.
The following observations were made:

A measurable deterioration of the victim EVM occurred from SINR levels of 32 dB on,
corresponding to an I/N ratio of 12 dB. At an I/N ratio of -20 dB which the ITU defined as

minimum protection level for microwave fixed systems there was no measurable impact.

Note: Assuming two front SRR sensors per car, a UWB maximum mean transmit power
spectral density of -50 dBm/MHz, a bumper loss of 3 dB, and a FS antenna gain of 40 dBi, an
I/N ratio of 12 dB corresponds to a LOS distance between car and FS receiver of approx. 18 m.

For pulses of identical mean power levels and pulse widths, the level of interference generally
increased with the length of the pulse repetition interval. This indicates a relation between
pulse peak power and the receiver’s ability to demodulate the signal. The measurement
results for the three modulation types are provided in Figure 13 - Figure 15.

9,0%

8,0%

7,0% 1

6,0%

Victim EVM

4,0%

3,0% A

2,0%

—=— Reference pulse
PW = 20ns, PRI =180 ns

"Worst case" pulse 1

PW = 20ns, PRI = 800 ns

"Worst case" pulse 2
PW = 20ns, PRI = 160 ns

—¥—ECC Rep. 158 Pulse 3

PW = 20ns, PRI = 10 ps
—e—ECC Rep. 158 Pulse 4
PW = 20ns, PRI = 370 ns /

5,0% -

-32 -30 -28 18 20 22 24 26 28 30 32 34 36 38
I/N at victim receiver [dB]

Figure 13: Victim signal EVM vs. SRR interference level for various SRR pulse types
(victim signal modulation: 64-QAM)
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Victim EVM

Victim EVM

5,5%
—#— Reference pulse
PW = 20ns, PRI = 180 ns

o "Worst case" pulse 1
50% PW = 20ns, PRI = 800 ns

—<"Worst case" pulse 2
PW = 20ns, PRI = 160 ns

4,5% —¥—ECC Rep. 158 Pulse 3
PW = 20ns, PRI =10 ps

—e—ECC Rep. 158 Pulse 4
PW = 20ns, PRI = 370 ns

4,0%

3,5%

3,0%

2,5%

2,0%
-32 -30 -28 18 20 22 24 26 28 30 32 34 36 38
I/N at victim receiver [dB]

Figure 14: Victim signal EVM vs. SRR interference level for various SRR pulse types
(victim signal modulation: 128-QAM)
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Figure 15: Victim signal EVM vs. SRR interference level for various SRR pulse types
(victim signal modulation: 256-QAM)
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In a second set of measurements duty cycles were applied to the UWB signals. We distinguished
between two cases:

Case 1: The UWB transmit power settings remained unchanged so that the application of duty
cycles resulted in a reduction of the maximum mean power levels.

Case 2: The UWB transmit power settings were adapted according to the duty cycle so that
the maximum mean power level was constant for all pulses and identical to the continuous
case.

As the first set of measurements had not indicated any fundamental difference between the different
victim modulation types, we decided to restrict the measurements to the 128-QAM case. The
following observations were made:

Case 1: Measurable deterioration of the victim EVM occurred at significantly lower SINR levels
as in the continuous case, with some variation depending on the pulse type. Interference was
reduced in proportion to the duty cycle applied, i.e. for a DC of 10% the SINR improved by 10-
12 dB, for a DC of 2% by 14-18 dB. Figure 16 shows the victim signal EVM vs. the interfering
signal power for different pulse types with a duty cycle of 10%. Like in the continuous case,
the level of interference increases with the PRI length.

Case 2: Although the adaptation of the mean power according to the duty cycle corresponds
to an increase of the peak power, interference was reduced by 4-8 dB compared to the
continuous case. Figure 17 shows the victim signal EVM vs. the interfering signal power for
different pulse types with a duty cycle of 10%. With the exception of Pulse no. 4 the
correlation between interfering power and victim EVM follows the same rule as in the
previous measurements. The reason for this deviation could not be identified.

Figure 18 compares the impact on the victim EVM for one type of UWB pulse with different duty
cycles and power levels.

For pulses of identical mean power level and duty cycle, the level of interference was slightly
higher for pulses wider than the symbol duration of the victim signal (see Table 5). This
observation which indicates a relation between the amount of overlap between interfering
pulse and victim symbol and the impairment of the victim signal is in line with findings from a
recent study on interference from LDC UWB to Mobile WiMAX.
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Figure 16: Victim signal EVM vs. SRR interference level for various SRR pulse types
(duty cycle: 10%, constant peak power)
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Figure 17: Victim signal EVM vs. SRR interference level for various SRR pulse types
(duty cycle: 10%, constant mean power)
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Figure 18: Victim signal EVM vs. SRR interference level for various SRR duty cycles
(SRR pulse width=20 ns, PRI = 180 ns)

To generate a victim signal bandwidth of 28 MHz that complies with the limits of spectral power
density for FS PTP systems specified in [7], the symbol rate was set to 21 MHz (filter roll-off factor of
0.35). This symbol rate corresponds to a symbol duration of 48 ns.

With the interfering signal switched off, the victim signal power was set to a level that resulted in an
EVM of 3.4%. Then, interference from different UWB pulses of identical peak and mean power but
different pulse widths was generated.

No pulse Pulse 1 Pulse 2 Pulse 3
Pulse width [ns] - 20 50 100
PRI [ns] - 180 450 900
PRF [MHz] - 5,56 2,22 1,11
Duty cycle - 11,1% 11,1% 11,1%
Victim EVM 3,4% 4,1% 4,2% 4,3%
Corresponding BER 10° <10* <10* <10°

Table 5: Impact of pulse width on the victim EVM (128-QAM signal)

Interference from Pulse 1, with a width significantly smaller than the victim symbol duration, was

lower than that of Pulses 2 and 3, which were wider than the victim symbol duration.

19



5.3 Measurement results - Aggregate interference

For quantifying the impact of LDC on the quality of victim signal the power of the aggregate
interference signal was first set to a level that resulted in a victim EVM value corresponding to a BER
of 10™. Then, different duty cycles were applied and the impact on the victim EVM was recorded.
Owing to time limitations, we again restricted the scope of our measurements to the 128-QAM
modulation.

Observations:

For all deployment scenarios the application of duty cycles reduced the level of interference albeit
not to the same extent as in the single interferer cases. A DC of 10% resulted in a reduction of 3-6 dB;
a DC of 2% yielded a reduction of 8-12 dB. In terms of BER a DC of 10% yields an improvement by one
order of magnitude, from (10 to 10°), and a DC of 2% vyields an improvement by two orders of
magnitude, from (10 to 10°°), when compared to a continuously transmitted UWB signal (BER=10").
Figure 19 - Figure 21 illustrate the impact of LDC for different pulses and market penetration rates.

For UWB signals with DCs between 2% and 10% the variation of market penetration between 7% and

100% had only a minor impact on the EVM. This observation is in line with the results of our
calculations of the contribution of each interferer (Figure 22 and Figure 23).
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Figure 19: Reference pulse 1 (width 20 ns, PRI 180 ns)
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Figure 20: “Worst case” pulse 1 (width 20 ns, PRI 800 ns)
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Figure 21: “Worst case” pulse 2 (width 20 ns, PRI 160 ns)
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5.4 Simulation results — Summary

The simulation study was divided in two parts depending on whether a single interference node or
multiple interferers are active. The presence of a single interference signal was initially considered in
the analysis in order to evaluate the effects of the UWB signaling parameters, such as pulse width
and PRI, on the evaluation metrics of the FS systems. Firstly, the simulation results showed that the
pulse width duration of the individual UWB pulse has minimum impact on the BER and EVM of the FS
systems if the same average power of the interference signal is maintained. Secondly, it was shown
that the BER performances degrade considerably as the PRI increases for low noise-to-interference
ratios. However, if NIR =20dB (maximum permissible interference level), the BER and EVM
performances when PRI =180ns and PRI =800ns are almost identical for all the modulated FS
systems.

Furthermore, the presence of aggregate interference was considered in the simulation analysis in
order to evaluate the impact of the activity factor (AF), duty cycle and penetration factor (PF) on the
evaluation metrics of the FS victim system. The simulation results showed that for all modulation
schemes, the performance degradation remains low when DC increases but AF and PF are low.
However, the BER and EVM performance degradation was significant when both AF and DC were
100%. It was concluded that the system performance degradation resulting from increasing the PF is
lower than the one obtained by increasing the AF. Finally, it was found that, under the defined
scenario conditions, if the average power of the interference nodes increases to P, =-41.3

dBm/MHz, the BER and EVM performances degrade noticeably and it can only be combated if both
AF and DC are significantly low.

The detailed simulation results are provided in Annex A.
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6. Summary and Conclusion

A comprehensive study to evaluate the impact of LDC on the level of interference generated by
automotive UWB SRR systems in the 24.25-26.65 GHz range was performed by means of
measurements and simulations. The effects of single-source and aggregate interference on wireless
fixed service links operating at 25 GHz and at 26 GHz were studied. Victim and interfering signals
were generated by means of arbitrary waveform generators.

Two metrics, BER and EVM, were measured or computed at the FS victim receiver for a number of
different modulation schemes including BPSK, QPSK, 16-QAM, 64-QAM and 128-QAM.

The conclusions that have been drawn from the study can be summarized as follows:

1. The measurements showed that introducing a duty cycle between 2% and 10% as proposed in
CEPT Report 37 can decrease the amount of interference from SRR to a FS receiver by up to
6 dB for a DC of 10 % and up to 12 dB for a DC of 2%. These figures refer to aggregate
interference, based on the single-car entry scenario described in section 4.2 Aggregate
interference. In case of single-source interference the reductions were approx. 6 dB higher.

2. For pulses of identical width and average power, the level of interference, i. e. the BER or
EVM, increased with PRI, indicating an adverse effect of the peak power levels on the victim
receiver’s ability to demodulate the signal.

3. The impact of pulse width on the level of interference was small but there are indications that
pulses shorter than the victim’s symbol duration cause less interference than those as wide as
or wider than symbol duration.

4. For duty cycles between 2% and 10% the SRR market penetration was found to play only a
minor role, i.e. when increasing the penetration from 7% to 100% the measured interference
level increased only slightly. For continuous SRR signals (DC = 100%), however, the level of
interference increased considerably for penetration rates above 10%.

5. The SRR activity factor was found to have a bigger impact on the level of interference than
market penetration, particularly for duty cycles > 20%.

6. From the analysis of the measurement and simulation results, and considering the general
acceptance of the technical principles of the current regulation on automotive SRR systems,
we conclude that a modification of this regulation that applies the duty cycles and reduced
SRR transmit power levels proposed in CEPT Report 37 should provide adequate protection
for fixed services in the revised 26 GHz band.

It is acknowledged that ideally an assessment of the interference impact on different services
such as data, VolP and video should have been performed on a commercial PTP system in order
to complement the findings of the physical layer measurements. Such system, however, could not
be obtained within the time frame available for this study. Due to the proprietary nature of PTP
microwave systems, however, findings of such study might have been of limited value and
probably not sufficient for formulating a generic statement on RF compatibility.
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Annex A - Simulation report

The main objective of the simulation study is to model a realistic scenario in order to evaluate the
interference effects, caused by the presence of multiple UWB SRR devices, on a Fixed Service radio
link. In addition, the study aims to validate the measurements obtained in the conducted modality,
presented above.

Several interference scenarios are considered in this work based on the selection of the pulsed UWB
radar parameters, such as duty cycle (DC), penetration factor (PF), activity factor (AF), UWB pulse
width and pulse repetition interval (PRI). The FS radio link is implemented by using four modulation
schemes: binary phase-shift keying (BPSK), quadrature phase-shift keying (QPSK) and M-ary
quadrature amplitude modulation with modulation orders M =16 and M =64.

The system performance is evaluated through the analysis of the estimated bit error rate and error
vector magnitude metrics under different types of interference sources.

A.1 Evaluation Metrics

Two metrics are considered to evaluate the FS system performance. The first metric, the estimated
average BER, is the ratio between the number of erroneous bits received and the total number of
transmitted bits. The BER is commonly expressed as a function of the E,/N,, which is the ratio

between the energy per bit ( E, ) and the noise spectral density (N, ) . Also, the BER can be expressed
as a function of the transmitted signal-to-noise ratio SNR;, = P,/ P,, where P, is the total transmitted

power and P, is the noise power. SNR;, and the E, /N, are related as follows:
R
SNR,, =E, /N, +10Ioglo(n)+10logm(Wj, (1)

where SNR;, and E, /N, are expressed in dB units, n=10g,(M) is the number of bits per symbol,
R, is the symbol rate and BW is the signal bandwidth.

In this work, the average BER metric is computed as a function of the received signal-to-noise ratio,
SNR=P./P,, where P. is the power of the victim signal measured at the input of the received

antenna. The relationship between P, and P, is given by the Friis transmission equation as

P — F)SGtGI’

Lp

(2)

where G, and G, are the transmitter and receiver antenna gains respectively, and L, models the

propagation losses.

The other metric employed in this study is the EVM. The EVM, also called the receive constellation
error, accounts for the error distance between the received constellation data point and its ideal
value in the case of high signal-to-noise ratio and interference-free situations. Both metrics, SNR and
EVM, provide the same information since they are inversely proportional. The advantage of using

25



EVM with respect to the BER is that EVM is a faster parameter to estimate, since it is measured at the
input of the symbol decision block in the receiver chain. The EVM values are calculated from

symb

o lrm-rfm’
EVM = —2m 1= : (3)

19 2
ﬁ ; rop[m]‘

where N is the total number of transmitted symbols and r, [m] and r[m] are the

symb
i -th optimum and received constellation points respectively.

A.2 System Model

The high level block diagram of the simulation model is represented in Figure 24. The radiated
transmitted signal of the victim FS system is a single-carrier signal whose mathematical expression is

given by [12] :
sym i E E E F
s(t) = Z(A;,/fcza(t ~mT] )+ AL, )], @

where N is the total number of transmitted symbols. Furthermore, the signals ¢1(t) and ¢2(t) are

0= (oot 40-- EowsnCAg. o

The function g(t) in (5) is modeled as a rectangular pulse of duration equal to a symbol time,

the basis functions, are given by

T.” =1/R_, and energy value of E, . The victim service is radiated at f =25 GHz. Finally, the values

of the quadrature and in-phase components, A, and A, are determined according to the chosen
modulation scheme as

o; if BPSK
if QPSK (6)
-M; Vmef{l,2,.,M};  if M-QAM

|+3>

+1;
An

A,
A,
A=A =
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Figure 24: High-level block diagram of the simulation system

Note that the transmitter frontend blocks in Figure 24 include the digital-to-analog conversion (DAC)
process, the mixer for up-converting the baseband signal to f, and the transmitter antenna. A PSD

realization of the FS transmitted signal is plotted in Figure 25.

The UWB SRR interference signal implemented in this work follows the pulsed frequency hopping
(FH) version [6] [1] . The aggregate interference signal measured at the input of the victim FS receiver
is composed of the sum of N, active UWB SRR users. The analytical expression for the n-th UWB

transmitted signal is expressed as
sym

() = J—Zﬂ.

where ® represents the convolution operator, N;;m is the number of UWB transmitted symbols,

Jcos(2At) @M (t—1TY —T ), (7)

asyn

TY is the symbol duration, E is the energy of the UWB symbol and T

sym asyn 1S the asynchronous
transmission time of the n—th UWB transmitter, which is uniformly distributed in [0 Tsym) The basis

pulse waveform, W( ), of duration T, is commonly implemented in UWB communications as a high

order derivative of the Gaussian pulse in order to meet the restrictive power spectral masks imposed
by the regulatory bodies [1] [6] . In this work, a simpler rectangular pulse of unitary energy is
employed. The UWB SRR baseband signal is up-converted to a high frequency equal
to f, = f, +|I/N, [BW,, where f, =24.25+BW,[GHz]/2 in GHz units, BW, ~2/T, is the

bandwidth of the UWB basic pulse waveform, N is the number of basic pulses per burst and -]

represents the floor function.
Finally, the signal M (t) in (7) is written as

M (t) = Zpé‘D (t - quurst - VTp) ’ (8)
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T

where 6, (t) is the Dirac delta function. The parameters N burst

burst / and T, are the number of bursts

per symbol, the burst duration and the pulse repetition interval (PRI) respectively.

The received signal at the input of the FS receiver antenna in Figurel is expressed as
Ny
r(t) = A"s(t)+ > A1, (1) +n(), (9)
n=1

where AF and Aﬁ’ are the amplitude propagation losses of the victim FS signal and the n-th UWB
SRR interferer respectively. The signal n(t) in (9) is the additive white Gaussian noise (AWGN)
contribution with double sided power spectral density (PSD) of N,/2. At the FS receiver, the signal
r(t) goes through the receiver frontend block, which includes the following elements: a receiver
antenna, a band-pass filter, a mixer for down-conversion and an analog-to-digital converter (ADC).

Subsequently, the output signal of the receiver frontend is demodulated allowing the average BER
and EVM to be computed.

A PSD realization of a filtered UWB SRR interference signal is plotted in Figure 25. An UWB signal with
PRI T, =180 ns that uses rectangular pulse waveforms of duration T, =40ns is generated in this

example. The spectral lines are equally spaced by 1/Tp Hz.

Power Spectral Density [dBHz]
Power Spectral Density [dBMHz]

24975 75025 : i 4 025
Frequency [GHz] Frequency [GHz]

(a) Fixed Service (b) UWB SRR

Figure 25: Normalized PSD realizations of the FS transmitted signal and
a single filtered UWB SRR interference signal.
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A.3 Simulation Analysis

The simulation study is divided in two parts depending on whether a single interference node or
multiple interferers are present. Initially, a single UWB SRR sensor is considered in the analysis in
order to evaluate the effects of the UWB signaling parameters, such as pulse width and PRI, on the
BER and EVM performances of a FS radio link. Subsequently, an aggregated interference signal is
implemented based on the scenario depicted in Figure 6. In this interference context, the selection of
three UWB SRR system parameters, such as the duty cycle (DC), activity factor (AF) and penetration

factor (PF), is thoroughly evaluated in this section. These parameters are defined as DC =T, ., /TSLy’m,
AF =N, /N, and PF =N_/N N, N, and N

per car, the number of available sensors per car, the number of active cars with UWB capabilities on
the road and the maximum number of cars equipped with UWB SRR devices. In this work, N =2

and N

where N are the number of active sensors

cars / sa’ sc’ cars

=125 are considered as described in section X.

cars

A.3.1Single Interferer

At the outset, the BER and EVM performances as a function of the received SNR are plotted in Figure
3 considering the AWGN to be the only impairment. The receiver sensitivity is related to the
minimum received SNR value that guarantees a BER value of 10°°. Under these conditions, the
received SNR values that provide a BER =10"°, named here SNR;, for each modulated FS system can
be measured from Figure 26 and are summarized in Table 6.

Modulation BER SNRy [dB] EVM [%]
BPSK 10° 10.50 30.00
QPSK 10° 13.50 21.24

16-QAM 10° 20.40 9.60
64-QAM 10° 26.55 4.73

Table 6: SNR and Percentage EVM for BER values of 10°

—=-BPSK, No Interference
“=-QPSK, No Interference
—-18-QAM, No Interference
—£-64-QAM, No Interference

BER

0 5 10 15 20 25 30
SNR [dB]

(a) BERvs.SNR
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Figure 26: BER and percentage EVM as a function of the received SNR values
(without interference)

In the following scenario, the presence of a single interference signal with DC=100%, and AF=100% is
considered. The objective of this simulation work is to evaluate the interference impact on the BER
and EVM performances of the different modulated FS systems, caused by the intrinsic properties of
the UWB pulses (i.e. pulse repetition interval and pulse width). The simulation results are plotted in
Figure 27 - Figure 30 for BPSK, QPSK, 16-QAM and 64-QAM modulated FS systems respectively. The
evaluation metrics, BER and percentage EVM, are computed as a function of the noise-to-
interference ratio (NIR) measured at the input of the receiver. In this simulation scenario the SNR
value is fixed to SNR; , the values of which are provided in Table 6 for each modulation scheme.

The BER performances for a BPSK system in the presence of an UWB interference signal with
different pulse widths and fixed PRI =800ns are illustrated in Figure 4. The simulation results show
that changing the UWB pulse width value while maintaining the same average power has minimum
impact on the BER since all the energy of the interfering signal goes through the FS receiver filter of
50 MHz bandwidth. Subsequently, three simulations were performed with UWB SRR interference
signals (usingT, =40ns) having PRI values of 180ns, 800ns and 1045 respectively. The simulation
results, presented in Figure 27 - Figure 30, show that the BER performances degrade considerably as
the PRI increases. As an example of this, in the case of NIR =10dB, BER values of 6x10°, 4x107°
and 2x107° are obtained for PRI =180ns, PRI =800ns and PRI =105 respectively. Nevertheless,

when the NIR =20dB (maximum permissible interference level), the BER and EVM performances
when PRI =180ns and PRI =800ns are almost identical for all the modulated FS systems.
Therefore, PRI =800ns and T, =40ns are the chosen values for the following interference

scenarios.

A.3.2 Aggregate Interference Effects

The initial reference scenario is depicted in Figure 6, where a maximum number of 125 cars, each one
equipped with 2 UWB SRR sensors, are present in a 3 km range. In this interference context, the
location of the closest car to the FS receiver is determined in order to comply with the maximum
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allowed transmitted power requirements [1] . Thus, the distance of the nearest UWB SRR sensor with
respect to the mast of the FS receiver is set to d;=12m, which gives a

d, =d? +(h, —h,)? =15.3m, where d

and FS receiver antenna. Furthermore, the noise power measured in a 50MHz bandwidth is
approximately -97dBm and the propagation losses based on the free-space path loss model is 84 dB
when f,=25GHz . Taking into consideration that the transmitted average power of the UWB SRR

is the line of sight distance between UWB SRR sensor

ant

node is -50dBm/MHz, a required protection level of NIR =20dB is fulfilled in this scenario. In this
analysis, both transmitter and receiver antennas are omnidirectional types with 0 dBi gain.

Firstly, the effect of the DC on the BER and EVM metrics of the FS systems are plotted in Figure 31-
Figure 34 for BPSK, QPSK, 16-QAM and 64-QAM modulation schemes respectively. In this simulation
scenario, two different AF values are considered, AF=50% which implies one sensor per car is
active and AF=100% representing full activity of the cars present. Furthermore, four different PF
values are considered in the simulations in order to model the aggregate interference effects from
low congested (PF=7%) to high congested roads (PF=100% ). The active cars are sequentially
displayed starting from the closest car to the FS victim receiver in order to account for the worst case
interference scenario. In addition, the SNR values in this simulated scenario correspond to those ones
defined in Table 6 for SNR;. Also, the DC values change while maintaining the same peak power of
the UWB interfering signal. The simulation results show that for all modulation schemes, the
performance degradation remains low when DC increases but AF and PF are low. However, the BER
of a BPSK modulated system in the presence of UWB SRR interference with DC =100% degrades
considerably from a value of 4x10° when AF=50% to a value of 1x10™ when AF=100%, even
though the PF remains the same (PF =7%). In contrast, the BER performance degradation resulting
from increasing the PF is lower than the one obtained by increasing the AF. This is reflected in Figure
30, where a BER value of 4x107° is measured when PF=7% and BER =10~ for PF =100% (both
interference signals employ AF=50%). The same behavior is manifested for each modulation
scheme as illustrated in Figure 32-Figure 34.

Furthermore, the BER performances as a function of the received SNR are represented in Figures 12,
13, 14 and 15 for BPSK, QPSK, 16-QAM and 64-QAM modulated systems respectively. In this
interference scenario, the penetration factor is fixed to PF=7%. The simulation results illustrate
that the performance degradation of all the FS systems is large, as previously stated, when
DC=100% andAF=100%. In this situation, we find a BER~6x10° whenSNR =SNR,.
Nevertheless, the interference impact is noticeably reduced by decreasing the DC value, obtaining a
BER ~1.5x10° for DC =10% and AF=100%.

Subsequently, the effects of the PF on the BER and EVM performances of the four modulated FS
systems are displayed in Figure 39-Figure 42 when the interference signals have an AF=100% and
the SNR is fixed to SNR . The simulation results show that the BER performance degradation caused
by the increase of the PF is only significant when the DC is large. However, as previously indicated,
the degradation caused by increasing the number of active cars from PF=7% to PF=100% is
relatively low. This can be measured in Figure 39, where the EVM values are approximately 31.7%
and 34.2% for PF=7% and PF =100% respectively, which corresponds to a relative degradation of
8% (2.5 % of the absolute EVM value). The same results are obtained for all the modulation schemes.

Finally, the BER and EVM performances as a function of the received SNR for both BPSK and 64-QAM
modulated FS systems are plotted in Figure 43 and Figure 44 when an aggregate interference signal
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of average power P, =—-41.3 dBm/MHz (the value assigned when DC =100%) is present. In this
simulation scenario, PF=7% and AF=100% are considered. In this situation, the NIR = 20dB,
which was assigned to the UWB SRR node of the first car is not respected anymore. This results in a
large degradation of the system performance when the SNR is large (the interference is the
dominating impairment source) even in the situation of low duty cycle (DC=10%). In these
conditions, a reduction of the AF and the use of very low DC values must be considered.
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Figure 27: BER and percentage EVM performances as a function of the NIR of a BPSK modulated FS system in the
presence of a single UWB SRR interference with AF=100%, DC=100% and SNR = SNRr.
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Figure 28: BER and percentage EVM performances as a function of the NIR of a QPSK modulated FS system in the

presence of a single UWB SRR interference with AF=100%, DC=100% and SNR = SNRr.
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Figure 29: BER and percentage EVM performances as a function of the NIR of a 16-QAM modulated FS system in the
presence of a single UWB SRR interference with AF=100%, DC=100% and SNR = SNRRr.
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Figure 30: BER and percentage EVM performances as a function of the NIR of a 64-QAM modulated FS system in the

presence of a single UWB SRR interference with AF=100%, DC=100% and SNR = SNRr.
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Figure 31: BER and percentage EVM performances as a function of the DC of a BPSK modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns and SNR = SNRR.
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Figure 33: BER and percentage EVM performances as a function of the DC of a 16-QAM modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns and SNR = SNRr.
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Figure 34: BER and percentage EVM performances as a function of the DC of a 64-QAM modulated
FS system in the presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns and
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Figure 35: BER and percentage EVM performances as a function of the SNR of a BPSK modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns and PF = 7%.
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Figure 36: BER performance as a function of the SNR of a QPSK modulated FS system in the presence of aggregate UWB
SRR interference with PRI = 800ns, T,, = 40ns and PF = 7%.

10— 16-QAM, No Interference
-5 16-QAM, Interf: AF=50%, DC=2% g
-5~ 16-QAM, Interf: AF=50%, DC=10% .
1070 = 16-QAM, Interf: AF=50%, DC=100% [
5-16-QAM, Interf: AF=100%, DC=2% |

2~ 16-QAM, Interf: AF=100%, DC=10% | - :
o 16.GAM Intorh. AP=100%. DOmt0gRG|

0 5 10 15 20
SNR [dB]

Figure 37: BER performance as a function of the SNR of a 16-QAM modulated FS system in the presence of aggregate
UWB SRR interference with PRI = 800ns, T,, = 40ns and PF = 7%.
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Figure 38: BER performance as a function of the SNR of a 64-QAM modulated FS system in the presence of aggregate

UWSB SRR interference with PRI = 800ns, T,, = 40ns and PF = 7%.
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Figure 39: BER and percentage EVM performances as a function of the PF of a BPSK modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, AF = 100% and SNR = SNRR.
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Figure 40: BER and percentage EVM performances as a function of the PF of a QPSK modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, AF = 100% and SNR = SNRR.
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Figure 41: BER and percentage EVM performances as a function of the PF of a 16-QAM modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, AF = 100% and SNR = SNRR.
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Figure 42: BER and percentage EVM performances as a function of the PF of a 64-QAM modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, AF = 100% and SNR = SNRR.

a7



T

i : | —BPSK, No Interference
I M IR 1-5-BPSK, Interf: Ps=-41.3dBm/MHz, DC=2%
.............................................. 1 BPSK Interf- Ps=-41.3dBm/MHz. DC=10% |

: —>-BPSK, Interf: Ps=-41.3dBm/MHz, DC=100% H
: 13-BPSK, Interf: Ps=-50dBm/MHz, DC=2% i
................... B GiBPSK’ Interr PS='50dBm/MHZ, DC=10%

. > BPSK, Interf; Ps=-50dBm/MHz, DC=100% |

BER

SNR [dB]

(a) BERvs.SNR

T

160 T T T T T T
: ——BPS8K, No Interference

; -E-BPSK, Interf Ps=-41.3dBm/MHz, DC=2%

140_ ......... PP RIS PEUPPRPPRPI %BPSK’ |nterf: PS=-41.3dBm/MHZ, DC:'IO% H
: > BPSK, Interf; Ps=-41.3dBm/MHz, DC=100%
: {3-BPSK, Interf; Ps=-50¢Bm/MHz, DC=2%

]| Ee— R e e ©-BPSK, Interf: Ps=-50dBm/MHz, DC=10%

' {>-BPSK, Interf; Ps=-50dBm/MHz, DC=100%

100 S R S S S N RS,

80 ....... I B S .............................................

EVM [%]

60

40

20

8
SNR [dB]
(b) EVM vs. SNR

Figure 43: BER and percentage EVM performances as a function of the SNR of a BPSK modulated FS system in the
presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, PF = 7% and
AF = 100%.
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Figure 44: BER and percentage EVM performances as a function of the SNR of a 64-QAM modulated FS system in the

presence of aggregate UWB SRR interference with PRI = 800ns, T,, = 40ns, PF = 7% and
AF =100%.
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Abstract

Currently, there are two frequency bands allocated to Ultra-Wideband (UWB) automotive short range radar
(SRR) equipment in Europe. In its Decision 2005/50/EC of 17 January 2005 [1] the European Commission
(EC) designated the frequency band 21.65-26.65 GHz (referred to as the “24 GHz band”) for use until mid
2013. The frequency band 77-81 GHz (the “79 GHz band”) has been designated and made available for
permanent usage by EC Decision 2004/545/EC of 8 July 2004 [2] In order to ease the transition from 24 GHz
to 79 GHz technology the EC considers authorizing the use of a band in the 24 GHz range for SRR beyond
2013. In Report 37 of the European Conference of Postal and Telecommunications Administrations (CEPT)
[3] which was prepared in response to the “SRR mandate 2” issued by the EC to the CEPT it is proposed to
allocate the frequency band 24.25 — 27.50 GHz (the “26 GHz band”) to SRR and reduce the risk of interference
to licensed services operating in the same band through lower transmit power limits and low duty cycle (LDC)
operation. As this proposal was not accepted the discussion now centres on the frequency band 24.25 — 26.65
GHz (the “revised 26 GHz band”).

The objective of this report is to complement the very detailed and comprehensive compatibility studies that
have been undertaken by CEPT, ITU-R, ETSI, and other institutions over the past years by evaluating the
impact of LDC on the level of interference generated by automotive UWB SRR systems in the revised 26 GHz
band. In particular, the impact on digitally modulated single carrier signals as used by licensed microwave fixed
wireless links is investigated. The conclusions drawn in this report will hopefully be useful for defining the future
regulation for automotive SRR in the European Union.
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