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On the Mismatch of Emission Requirements for CW
Interference Against OFDM Systems

Karina Mariana Fors , Kia Cecilia Wiklundh , and Peter F. Stenumgaard

Abstract—Several modern digital wireless services, such as long-
term evolution, relies on orthogonal frequency division multiplex
(OFDM). OFDM is in general vulnerable to narrow-band inter-
ference such as continuous wave (CW). Earlier publications have
indicated that this vulnerability is dependent on where in the
OFDM-receiving frequency band the CW interference appears. In
this paper, this frequency dependence is rigorously investigated and
explained with both theoretical and numerical results. It is shown
that by varying the CW frequency within a single OFDM subchan-
nel, very large variations (several magnitudes, e.g., 104 times) cor-
responding to bit error probability are obtained. This dependence
in vulnerability is not considered in present radiated emission stan-
dards, and therefore a suggestion about how this could be handled
is also presented.

Index Terms—Continuous wave (CW) interference, emission
requirements, narrowband interference, orthogonal frequency
division multiplex (OFDM).

I. INTRODUCTION

ORTHOGONAL frequency division multiplex (OFDM) is
used in several modern wireless services. Examples are

the mobile technologies 4G [long-term evolution (LTE)] and
coming 5G, the wireless local area network standard IEEE
802.11, digital audio broadcasting, and digital video broadcast-
ing. Furthermore, 4G is under consideration in several countries
as a replacement technology for the current terrestrial trunked
radio based systems for emergency and crisis communications.
The reason for the growing use of OFDM can be found from the
need of high data rate applications. To achieve high communi-
cation data rates, intersymbol interference (ISI) is an inevitable
problem due to the channel delay spread for single carrier sys-
tems. To handle this problem, OFDM is a solution. By dividing
the bandwidth into a multiple number of narrow-banded sig-
nals, so-called multicarriers, the ISI can be reduced [1]. With
this operation, the high-speed data stream is divided into several
parallel lower rate data streams prior the transmission. OFDM
is a multicarrier transmission technique, where the subcarri-
ers are overlapping each other in a controlled manner so that
the subcarriers become orthogonal and do not interfere with
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each other. Another advantage of the OFDM technique is that
it can easily be implemented by using fast Fourier transform
(FFT). A commonly known drawback with the OFDM tech-
nique is that a large peak-to-average power ratio may appear.
This may reduce the efficiency of the used power amplifier in the
system.

Another drawback is its large vulnerability to narrowband
interference such as continuous wave (CW). A few previous
publications [2], [3] have indicated that this vulnerability is also
dependent on the exact frequency. However, a rigorous analysis
that explains the phenomenon is lacking. In this paper, this fre-
quency dependence is, therefore, thoroughly investigated and
explained. The investigation is based on a theoretical analysis
and simulations of a communication system subjected to inter-
fering CW signals. It is shown that this dependence can cause
large variations in communication performance due to where
in frequency the interference is located. Furthermore, we show
that the power of a CW interference within a single subcarrier
must be about 18 dB lower than the corresponding power of
additive white Gaussian noise (AWGN) to not exceed a bit error
probability (BEP) of 105. Thus, an OFDM system is consider-
ably more sensitive to a CW interference than to AWGN. This
is an important fact to be considered in system design and when
maximum interference limits are to be determined for different
system applications. Moreover, since the interference type (CW
or AWGN) and the frequency dependence are not considered
in previous emission standards, further work is needed to de-
velop a strategy for how to handle this mismatch in vulnerability
analyses.

In [4], a possible method of estimating the interference im-
pact from present emission standard levels has been proposed
but this vulnerability of OFDM systems is not included in
that work. Furthermore, this vulnerability is important to con-
sider with respect to protection against intentional electromag-
netic interference, since that threat has become real in recent
years [5]–[7].

The paper is organized as follows. In Section II, we present
the OFDM system model as well as the interference signal
model for the analyses. In Section III, the results from the vul-
nerability analysis are shown for an OFDM system with LTE-
like radio parameters and different interference assumptions. In
Section IV, a discussion is done over the possibility to consider
this varying vulnerability and how emission measurements may
be developed so that the results could be used to consider this
large variation in interference impact. The paper is concluded
in Section V.
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Fig. 1. Simulation model of the communication system.

II. SYSTEM ASSUMPTIONS

In the following, we use the 3GPP LTE (4G) standard as an
illustrative example for the analysis of the interference impact
on OFDM systems.

A. System Model

In OFDM, each subcarrier carries a separate stream of infor-
mation, causing information to be mapped into both the time and
the frequency domains. This gives an OFDM time-frequency
lattice, which is a two-dimensional grid used to represent how
information is mapped to both the subcarrier and the OFDM
symbol.

The LTE system that is based on OFDM operates with 1200
subcarriers carrying the information. In this work, we investi-
gate how the interference affects the system performance when
one or all of the 1200 subcarriers are subjected to narrowband
interference. The work focuses on examining how a narrowband
interference on one subcarrier, in general, affects the orthogo-
nality in the OFDM system. Furthermore, we consider the case
when the interfering signal consists of several narrowband sig-
nals. In addition, the impact from broadband AWGN is studied.

In our simulation model, the interference is added on the radio
channel time representation of the OFDM signal. The system
performance is analyzed in terms of BEP. There are also other
available performance measures to quantify the communication
performance. In this work, the BEP is chosen as a suitable per-
formance measure, since it is a general measure from which
packet or frame error probability and throughput can be esti-
mated. Furthermore, the BEP is not dependent on higher layer
mechanisms and particular applications. In a real LTE system,
some of the subcarriers are used for vital reference and syn-
chronization signals [20]. Hence, if such a signal is subjected
to interference, this will cause system effects worse than only
bit errors on an arbitrary channel [8]–[12]. We will not consider
such system effects in our analyses, which means that the BEP
shown in our results can be seen as lower bound from a certain
system point of view.

The simulation model is shown in Fig. 1. The simulation starts
by creating the data information as random bits and thereafter
applies the forward error correction code (FEC) turbo encoding.
The turbo encoder is a parallel concatenated convolutional code
with two 8-state constituent encoders and a turbo code inter-
nal interleaver. The coding rate of the turbo code is 1/3. Next,
the data stream is mapped to predefined constellations points,

TABLE I
LTE DOWNLINK PHYSICAL LAYER PARAMETERS

Parameter Value

Bandwidth 20 MHz
FFT size 2048
Number of data subcarriers 1200 (dc1 subcarrier not included)
FEC Turbo code
Coding rate 1/3
Modulation scheme 64QAM

1Direct current.

dependent on the used modulation scheme, into the subcarriers.
For all subcarriers, the used modulation scheme is 64-quadrature
amplitude modulation (64-QAM). At this point, in a real sys-
tem, the pilot carriers would also be inserted. After the inverse
FFT, the interference is added to the transmitted OFDM time
signal. This is done in the block radio channel, see Fig. 1. The in-
terference signals are further described in Section II-B. The FFT
is performed on the received signal and after demodulation, the
turbo decoding (FEC) is applied on soft decision bits from the
demodulator to retrieve the information bits. After the channel
decoding (FEC decoding), the BEP is estimated by comparing
the original bit sequence with the received sequence. The BEP
is then calculated as the ratio between the number of incor-
rect received bits and the total number of received information
bits. The BEP curves are achieved by generating the BEP for
a varying signal-to-interference ratio (SIR). The SIR is defined
as Eb/NI , where Eb is the energy per data bit and NI is the
interference power spectral density [W/Hz].

In all simulations, we assume perfect time synchronization
of the OFDM signal and, therefore, there is no need of a cyclic
prefix to handle this. In our analysis, we, therefore, assume that
we have a standard OFDM system that handles ISI. Since the
CW interference does not introduce extra ISI (since the CW
power is only spread within the subcarriers of one OFDM-
symbol), we do not need to analyze this in our case. Hence, the
simulation model does not include the effects from ISI. In the
simulations, LTE parameters in Table I are used.

B. Interference Signal Model

The radio channel interference is assumed to be either AWGN
or consist of one or many CW signals. In order to focus on the
effects from the CW interference, perfect timing, phase, and
frequency synchronization are assumed. For this type of signal,
the received time-domain signal is given by

r(n) = s(n) + i(n) (1)

where s(n)is the OFDM signal with samples n = 1, . . . , NFFT ,
and NFFT is the FFT size. The interfering signal i(n)consists
of either a single CW iCW (n), many CW signals iNC W (n),
or broadband AWGN interference iAWGN(n) over the system
bandwidth, with zero-mean and variance equal to σ2 . For all the
interference alternatives, the interference power is assumed to
be equal. This means that the single CW has all the interference
power on one frequency, whereas for the case with several CW
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signals or for broadband AWGN, the same amount of interfer-
ence power is distributed over the whole system bandwidth. The
single CW iCW (n) is modeled as a complex exponential signal

iCW (n) =
√

PI

NFFT
e
j

(
2 π

N F F T
(m+α)n+θ

)
(2)

where PI is the interference power, m is the subcarrier closest to
the CW frequency, and θ denotes a uniformly distributed random
phase θ∼U [−π, π]. The interference power PI is related to NI

as PI = NI B, where NI is the average single-sided spectral
density power and B is the subcarrier bandwidth, assuming
AWGN. Furthermore, α is the frequency separation between
the CW signal and subcarrier m. The frequency of the CW is
selected to be the same as one of the subcarrier frequencies or
somewhere between two adjacent subcarriers, while α typically
assumes values as α ∈ [−0.5, 0.5]. Note that for α = 0, the
CW signal is located directly on one of the subcarriers and is,
therefore, orthogonal to the other subcarriers. For the case when
the interference consist of NCW CW signals, all are assumed to
have different frequencies, and the new signal can be described
as

iNC W (n) =
√

PI

NFFTNCW

NC W∑
p=1

e
j

(
2 π

N F F T
(mp +α)n+θp

)
(3)

with the CW signal number p = 1, . . . , NCW . If the CW signals
are assumed to be synchronized, their phases θp are all the
same. Also, their amplitudes are equally set to

√
PI /NCW . The

interference case with several CW signals is here defined as
(3), with NCW = 1200 and NFFT = 2048, equal to the OFDM
system.

On the receiver side, after taking an NFFT point FFT on
iCW (n) in (2), the narrowband interference frequency repre-
sentation on subcarrier k is given by [3]

Ik,CW =
√

PI

NFFT
ejθ 1 − ej2πα

1 − e
j 2 π

N F F T
(m−k+α)

. (4)

When the interference is located at a subcarrier m, i.e., for
α = 0, the interference only affects the subcarrier m and (4)
reduces to [2]

Ik,CW =

{√
PINFFTejθ , k = m

0, k �= m
. (5)

The case where the interference consists of several CW sig-
nals is treated in the same manner.

Due to the composition and the frequency spacing of the sub-
carriers, the subcarriers are orthogonal to each other. This is a
fundamental property of OFDM. If a CW signal is located at a
subcarrier frequency, the interference will only affect the same
subcarrier and no other subcarrier. This is evident in (5), where
it can be seen that the interference power due to the CW signal,
when α = 0, only appears at that subcarrier in the demodula-
tion. However, if the CW signal is located at another frequency,
i.e., somewhere between subcarriers, the orthogonality in the
OFDM signal is violated and the interference will affect sev-
eral subcarriers in the demodulation. As can be seen from (4),
Ik,CW �= 0, if α �= 0 regardless if k = m or k �= m. This can

Fig. 2. Interference power distribution after the FFT when the OFDM system
is subjected to one CW signal (closest to subcarrier m = 325), with separation
α = 0 and −0.5 from the subcarrier 325.

also be understood by noting that the FFT of a single narrowband
signal, with α �= 0, will give a wide spectral content.

There is, however, one situation when the system may have
difficulties when the CW signal is located exactly at a subcar-
rier. As mentioned earlier, some of the subcarriers are usually
allocated as reference signals, as they are called in the 3GPP
technical specifications [20]. The information obtained from the
reference signals is used by the receiver for channel estimation.
The location and use of such signals are system dependent. Since
the reference signals handle the channel estimation among the
subcarriers around the reference signal, interference to a refer-
ence signal will affect the data transmission of those subcarriers
that the reference signal supports. Those kinds of effects are,
however, not analyzed in this work.

III. SIMULATION RESULTS

As indicated in the previous section, the position of an inter-
fering CW signal may be crucial, since its power may be spread
to several OFDM subcarriers. The effects of this will be analyzed
in terms of BEP for different kinds of interference waveforms
and comparisons are made with AWGN. In particular, the dif-
ference in Eb/NI will be studied for a BEP requirement of 105.
The difference in Eb/NI shows if the system is more sensi-
tive to certain interference waveforms. It should be noted that
the current emission requirements do not consider the interfer-
ence waveform and in many measurements only the rms value
is captured. Fig. 2 shows an example of how the interference
power is spread to different subcarriers after the FFT in the re-
ceiver for α = 0 and −0.5. The results in the figure are obtained
by simulations of the communication system, see Fig. 1, but can
also be calculated by using (4). The power is normalized for
comparison between the two values of α. For α = 0, only the
subjected subcarrier is affected by interference power, whereas
for α = −0.5, the interference power is distributed on several
subcarriers. Highest interference power will occur at the two
closest subcarriers and then the interference power will dimin-
ish as we go further away from these two subcarriers.
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Fig. 3. BEP as a function of Eb /NI when the system is subjected to a CW
signal α from a subcarrier.

In Fig. 3, the BEP is simulated for different Eb/NI for a
coded system with similar parameters as the LTE system. In the
simulation, it is assumed that the CW signal is located either at a
subcarrier or between two subcarriers, here varied by the value
of α. For Eb/NI less than –1 dB, there is a substantial difference
in impact depending on where in frequency the CW is located.
The largest impact occurs when the CW signal is located exactly
between two subcarriers, i.e., when α = −0.5. When Eb/NI >
−1 dB, the difference vanishes. In addition, for Eb/NI > −1 dB
and up to Eb/NI = 5 dB, the BEP in fact gets worse. This is
due to the difficulties the Turbo decoder faces due to a varying
interference power when estimating the interference power in
the decoding process. The decoder continuously estimates the
interference power. This behavior is observed in [13] and [14].

When the OFDM system is subjected to a CW signal, the
interference behaves as an impulsive interference to a single
carrier system when the signal enters the decoder. This is further
explained in the Appendix. Furthermore, a threshold effect and
a noise probability density function mismatch may appear in
the decoder, since the decoder is optimized to AWGN [15].
The figure also shows that AWGN causes larger degradation
than the CW signal for Eb/NI < 5 dB. For larger Eb/NI , the
CW interference is considerably worse than AWGN. For a BEP
of 105, which is a BEP requirement commonly used for data
transmission, the difference in Eb/NI between AWGN and CW
is about 18 dB.

This means that the communication system is more sensi-
tive to a CW interference and that a CW interference needs to
be 18 dB lower in interference power to yield the same BEP
(BEP = 105) as AWGN.

For the case when the interference consists of several inter-
fering CW signals, the impact on the OFDM system is very
different. The behavior is even different between synchronous
and nonsynchronous CW signals. In Fig. 4, the BEP is shown
for several synchronously CW signals and different α, as well
as for AWGN. The synchronized CW signals are all assumed
to have the same phase. Later, also unsynchronized CW signals

Fig. 4. BEP as a function of Eb /NI when the system is subjected to several
synchronously CW signals, with the frequency deviation α from the subcarriers.

Fig. 5. Interference power distribution over the data subcarriers after the FFT
when the OFDM system is subjected to several synchronously CW signal,
α = −0,−0.2, and −0.5 from the subcarriers.

are studied. For that case, each CW signal is assumed to have
a random phase independent of each other and independent of
the OFDM system. The case with synchronized CW signals
does not constitute a relevant real case and is only included as a
comparison to the unsynchronized case.

The BEP curves in Fig. 4 are close to AWGN performance for
all α. Furthermore, again it is shown that the BEP depends on
the frequency deviation α from the subcarriers, but in a different
way than in Fig. 3, and not at all as much as for one CW signal.
The performance for α = −0.5 represents, in contrast to the
case shown in Fig. 3, the lowest BEP. The worst degradation is
experienced by α = −0.2 and −0.3 for large Eb/NI .

Fig. 5 shows the distribution of interference power after the
FFT when the interference consists of synchronized CW signals
located at α = 0,−0.2, or −0.5. For the values of α, the inter-
ference power is varying at the subcarriers. The symbols that
enter the decoder are retrieved sequentially from the subcarriers,
and the decoder will experience a varying interference power
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Fig. 6. BEP as a function of Eb /NI when the system is subjected to several
unsynchronized CW signal α from the subcarriers.

Fig. 7. Interference power distribution over all the subcarriers after the FFT
when the OFDM system is subjected to several unsynchronized CW signal, with
the separation α = −0.5 from the subcarriers or broadband AWGN with equal
average power, to compare with.

over time (see the Appendix). For α = 0, the demodulated CW
signals create a constant level of the interference power on each
subcarrier. Hence, the impact becomes very similar to a system
subjected to AWGN. For nonzero values of α, the interference
power is varying at the different subcarriers, which results in a
lower slope of the BEP curve than for AWGN and for α = 0.

For the situation when the interference consists of several
interfering unsynchronized CW signals, the BEP is rather sim-
ilar to the case when the system is disturbed by AWGN. When
the interfering signals are unsynchronized, the BEP no longer
depends on α. The BEP for several interfering unsynchronized
CW signals is very similar to the BEP for AWGN, see Fig. 6.
As the phase values of the interfering CW signals are random,
the interference power distribution over the subcarriers after the
FFT appears as random too, see Fig. 7, which is very similar to
AWGN.

Altogether, the impact is reduced as the number of CW sig-
nals gets larger and they become unsynchronized to each other

Fig. 8. BEP as a function of Eb /NI for an uncoded system (hard decision,
64-QAM) subjected to a CW signal α from a subcarrier.

while maintaining the same interference power. This depends
on how the FFT in the OFDM receiver treats the interference
signal in combination with the Turbo decoder. If the system
is not utilizing any coding at all, the degradation becomes se-
vere. In Fig. 8, the BEP is shown for an uncoded system that is
subjected to one CW signal. The demodulator is for this case
delivering hard decisions. Here, it is particularly evident that
the interference after the FFT appears as an impulsive interfer-
ence to the Turbo decoder and differs substantially from the case
with AWGN. The BEP curves get the characteristic behavior of
impulsive interference with a clear plateau at an approximate
level of 1/(2NCW ) for low Eb/NI and a much worse degra-
dation than for AWGN for high Eb/NI . For a BEP of 105, the
difference in Eb/NI between AWGN and CW is about 18 dB.

If the interfering signal consists of several unsynchronized
CW signals, see Fig. 9, the BEP curves get a totally different
behavior and the impact becomes much less than for AWGN in a
large region of Eb/NI . Least degradation is obtained by α = 0.
For α = 0, the interference power is spread over the subcarriers
after the FFT with a constant level in average. As α increases,
the interference power variation among the subcarriers after the
FFT also increases, and the degradation becomes worse. This
is similar to a single-channel system that is subjected to fading,
where the degradation gets worse as the fading increases.

From the above-mentioned results, we can draw the following
conclusions. For both coded and uncoded systems

1) a single CW signal results in a substantially worse impact
than several CW signals or broadband AWGN for larger
Eb/NI (or BEP < 103). For BEP = 105, the difference in
Eb/NI between AWGN and a single CW is about 18 dB.

2) the impact of interfering CW signals may be largely de-
pendent on the frequency position α.

IV. DISCUSSION

In standard radiated emission limits, the resolution bandwidth
is defined for different frequency bands [16], [17]. In Table II,
examples of such bandwidths are shown for some common
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Fig. 9. BEP as a function of Eb /NI for an uncoded system (hard decision,
64-QAM) subjected to several unsynchronized CW signals, with varying α from
a subcarrier.

TABLE II
EXAMPLES OF RESOLUTION BANDWIDTH FOR DIFFERENT CIVILIAN RADIATED

EMISSION STANDARDS [16], [17]

Standard/frequency band Resolution bandwidth

EN 55022

30–1000 MHz 120 kHz
1–18 GHz 1 MHz

FCC Part 15 Subpart B

150 kHz to 30 MHz 9 kHz
30–1000 MHz 120 kHz
1–40 GHz 1 MHz

civilian standards. No difference of the limits is made between
wideband and narrowband emissions. This means that the same
limit is set whether the interference is, for example, wideband
noise or a single sinusoidal CW signal. For many communica-
tion systems, this does not cause any problems with respect to
the relation between emission limit and interference impact on a
digital communication receiver. For example, in a 3G UMTS re-
ceiver, a strong CW signal will be spread by the spreading code
so that the interference impact will be approximately equal to
a wideband interference signal with the same average power
within the measurement bandwidth [18]. Also for digital com-
munication systems using typical digital modulation schemes,
the fact that wideband noise is measured with the same band-
width as a CW signal will not cause any major problem with
respect to the interference impact [19]. However, for OFDM,
where the modulation scheme is built up by narrowband sub-
channels, this is not true. For OFDM, it is a problem that radi-
ated emission limits use the same bandwidths independent of
the interference waveform. Since it has been shown that CW
interference can have significant performance degradation on
OFDM systems, the interference level has to be considered in
the determination of maximum allowed emission levels. Fur-
thermore, since CW interference can have a large impact on

Fig. 10. Frequency–time grid of an OFDM system and an interfering CW
signal at one subcarrier α = 0 or in the between of two subcarriers α = −0.5.

several adjacent subcarriers, it is reasonable to adjust the max-
imum allowed CW interference by considering the bandwidth
WSC of the subcarrier. WSC is typically in the order of some
tens of kHz, while the measurement bandwidth WM is typically
in the region of hundreds of kHz up to 1 MHz, depending on
the frequency region. A reasonable adjustment of the maximum
allowed CW-interference level is, therefore, by decreasing the
level by a scaling with WM /WSC . For example, with a mea-
surement bandwidth of 1 MHz and a subcarrier bandwidth of
15 kHz, the emission level could be adjusted with the factor√

15 · 103/1 · 106corresponding to about –18 dB. This means
that the permitted emission limit for the CW interference is re-
duced by 18 dB. This corresponds very well with the result for
the coded and the uncoded case in Figs. 3 and 8, respectively,
for a BEP of 105.

V. CONCLUSION

The presented results show that by varying the CW interfer-
ence between single subcarriers in an OFDM-based system, the
resulting BEP can vary within several magnitudes. Furthermore,
for both coded and uncoded systems, a single CW signal con-
stitutes substantially worse impact than several CW signals or
broadband AWGN in the region where BEP < 103. Thus, an
OFDM system is considerably more sensitive for a single CW
than AWGN interference or several CW signals. As an example,
the power of a CW interference within a single subcarrier, at a
BEP of 105, is about 18 dB lower than the corresponding power
of AWGN interference.

Since OFDM-based systems are used in a large variety of
wireless systems, this vulnerability should be considered in
emission measurements. A further development of present ra-
diated emission standards is needed to handle this problem and
we have highlighted some important issues in this work. How-
ever, further work is needed to find a convenient solution to this
problem for future radiated emission standards.

APPENDIX

In Fig. 10, the frequency–time grid of an OFDM system is
depicted. When a single CW signal is located at a subcarrier,
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α = 0, or between two subcarriers α = −0.5, the interference
power after the FFT is either not spread at all or spread to the
adjacent subcarriers. QAM symbols are retrieved by the QAM
demodulator in parallel at the different subcarriers. The QAM
symbols are then transformed into a serial sequence and enter
the symbol demapper and the decoder. The figure shows that
the interference will be spread between the symbols in different
ways depending on the value of α.
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