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Some OFDM waveforms for a fully
polarimetric weather radar

PIET VAN GENDEREN, OLEG A. KRASNOV, ZONGBO WANG AND RECEP FIRAT TIGREK

Retrieval of cloud parameters in weather radar benefits from polarimetric measurements. Most polarimetric radars measure
the full backscatter matrix (BSM) using a few alternating polarized sounding signals. Using specially encoded orthogonal fre-
quency division multiplexing (OFDM) signals however, the BSM can be measured in a single simultaneous transmission of
two orthogonally polarized signals. Based on a set of parameters for weather radar, the properties of such a signal are explored

and its merit as a useful capability is shown.
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Il. INTRODUCTION

Weather radar is an important source of information for air
traffic control and, in general, for meteorological services
and research of the environment. For retrieval of parameters
on the water content of clouds it is important to measure
the full backscatter matrix (BSM) of clouds, with a highly
detailed analysis of the Doppler shifts. Currently, various
radars are capable of measuring the BSM, but the waveforms
used mostly consist of transmitting sounding signals in two
orthogonal basis directions alternating. So in order to
measure the full BSM at least two consecutive transmissions
are needed. By consequence, some time has passed in
between the two transmissions and due to the decorrelation
of the echoes of the hydrometeors the quality of the parameter
retrieval is somewhat compromised. The NOAA/National
Severe Storms Laboratory (NSSL) in the USA has done exten-
sive experimental research on the benefits of polarimetry in
weather radar. Scharfenberg et al. [1] provide a review of
the results achieved. NSSL operates a research radar desig-
nated KOUN based on simultaneously transmitted horizon-
tally and vertically polarized pulses to explore new frontiers
in weather observation. Polarimetry is among these [2]. To
the best knowledge of the authors, the current article is the
first one addressing the use of orthogonal frequency division
multiplexing (OFDM) for a fully polarimetric weather radar.

The research addressed in this article explores orthogonal
signals, such that the sounding signals in the two orthogonal
basis directions can be transmitted at the same time. As a
result, the BSM can be measured using a single - though
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complicated — transmission. Also in [3] the measurement of
the BSM using orthogonal signals has been addressed.

IRCTR has developed a radar platform called PARSAX
(polarimetric agile radar in S- and X-band; currently the
radar is being set to work in S-band) supporting to do such
analyses with a variety of waveforms [4]. In [5, 6] the
problem of simultaneous transmission of orthogonal signals
has been addressed using various modes of frequency modu-
lated continuous wave modulation. The current article
explores a particular phase coded waveform, OFDM. It will
be demonstrated that such waveforms can be used, albeit
with a number of constraints.

OFDM is widely used in communication [7]. It is being
considered for application in radar only recently [8], inspired
by the availability of signal generators due to the application in
communication. A typical property of OFDM is that the sus-
ceptibility to Doppler shift has to be considered with care.
This susceptibility depends, among other parameters, on the
spacing between the individual carriers composing the
OFDM signal. An analysis of such susceptibility and also of
other properties of OFDM in its application for radar can be
found in [9]. Whereas Tigrek [9] addresses wideband
signals, also ultra-wide band signals based on OFDM are
explored, for instance in [10]. It should be noted that the par-
ameters of these waveforms are chosen such that the (pulsed)
signal is quite robust against Doppler shift.

The article is structured in the following way. Section II will
detail the OFDM sounding signal both in a generic way and in
the specific coding that is used for the benefit of the isolation
of the two orthogonal components. Section III discusses a set
of parameters applicable to this type of weather radar. Section
IV addresses the effects of Doppler shift. Doppler shift is a
parameter that is of vital relevance for the retrieval of the
cloud parameters. However, in OFDM any Doppler shift
can be the major cause of loss of orthogonality. Section V pre-
sents a brief discussion of the results, followed by the conclud-
ing Section VL
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. SIGNAL DESCRIPTION

The OFDM signal is composed of a number of carriers at
a mutual, constant spacing that is the inverse of the signals’
duration. The complex baseband description is

N—1
o(f) = Ig} arexp(j2mtkAf), o<t <T, )
0 elsewhere,

where N is the number of carriers, gy, is the complex amplitude
of carrier k (also called the code of the carrier), and Af is the
frequency spacing between the carriers. T is the duration of
the signal, T = 1/Af.

All carriers composing this signal are orthogonal. This
orthogonality follows from the fact that

T
%j se(t)s’ (D dt = o .

forallm # kovertheinterval T.

Here s,,(t) represents the mth carrier and the asterisk
denotes the complex conjugate. Orthogonality of the carriers
includes that each of them can be modulated independently
with its own carrier code a; as in equation (1).

In our case the duration T of the signal is quite long and
therefore some type of pulse compression is applied in order
to achieve an appropriate range resolution. Given the nature
of the OFDM signal, the most widely known procedure is to
transform the received signal to the frequency domain and
multiply the carriers by the complex conjugate of the
Fourier transformed transmitted signal. Then after this multi-
plication the time domain range profile is generated by the
inverse Fourier transform. The level of the sidelobes in this
range profile can be managed by any weighting technique.

The signal processing for the OFDM signal in radar appli-
cation consists basically of the matched filter processing to
generate the range profiles. The range processing of the fully
polarimetric radar can be decomposed into four processing
branches; each processing branch is responsible for one
element of the polarimetric BSM. The processing can con-
veniently be implemented in the frequency domain to
reduce the computational complexity. The overall range
processing scheme is illustrated in Fig. 1.

Each of the two received signals r(t) and ry(t) from the
two orthogonal vertical and horizontal polarization probes

Chiagnnal H

Lo

]

DFT IDFT

E

SHE

IDFT

Sy

IDFT

rut)

—

S

ADC DFT IDFT

Channel V

-
D
D

*
ak.V

Fig. 1. Processing Scheme for the OFDM signal.

of the antenna, respectively, includes both cross-polar and
co-polar information. These two analog signals are converted
into discrete digital sequences by the analog-to-digital conver-
ter, as expressed in Fig. 1.

The first processing step after the analog-to-digital conver-
sion can be considered as the demodulation of the OFDM
signal by a discrete Fourier transform (DFT).

In the following step, the signals from the two receiving
channels are each processed in two branches. Taking the pro-
cessing channel of () as an example, the frequency domain
discrete sequence is multiplied by the complex conjugates of
the sequences of apy and aypy, respectively. The discrete

sequences vy, gy, k =0,1,..., N — 1 and the modulated
sequence ay, k = 0,1, ..., N — 1 have the following relation:
ar, whenk=o,2,4,..., N—2,
akH =
o else, )
3
whenk=1,3,5,..., N—1,

ag
aky =
o else.

This waveform is further designated as “interleaved
OFDM” (I-OFDM).

The range processing is completed by the inverse DFT
operation; the overall four-channel outputs are the range pro-
files matrices for each sweep-to-sweep-based measurement.
The estimation of the BSM can then be completed by the esti-
mation of the target distance and the Doppler shift.

As can be seen from this description, in the receiver
connected to the horizontally polarized probe of the antenna
both the co-polarized and the cross-polarized signals will be
present. The cross-polarized signal represents the cross-
polarized elements of the BSM. Normally these cross-polarized
signals have a significantly lower power than the co-polarized
signals. Both signals are present simultaneously. In order to sep-
arate them, two range profiles are generated by using the carrier
code sequences ay iy and ay v, respectively, in separate processing
branches. After the range profiling, the cross-compressed signal,
i.e. the signal in one branch after application of the code of the
signal of the other branch, will be noise-like. The resulting
average signal power is called here the leakage of the codes
(the isolation of the codes would be the inverse of the leakage).

The transmission scheme for the fully polarimetric radar is
quite simple. The carrier code sequences are generated, modu-
lated by using a DFT, and mixed to the carrier frequency.
These operations are executed in two parallel tracts, one
feeding the horizontally polarized and the other one the verti-
cally polarized probe of the antenna.

According to this line of thinking, two signals used for the
experiments for the fully polarimetric radar are defined:

Signal type 1:

N/2—1

sa(t) = Z azkexp[jzwtzkAf], 0<t<T,
k=0
N/2—1
sy(t) = Z a2k+1exp[j2ﬂ't(2k+ 1)Af], 0<t<T,
k=o
s(t) = o elsewhere forboth Hand V.

(4)



Here sy/(t) represents the sounding signal exciting the ver-
tical polarization and sy(t) the horizontal polarization.

This is the signal as discussed above. The carrier codes a,
correspond with either a; j; or a; v in equation (3). The codes
A1+, correspond with the other one.

The second signal is defined as

Signal type 2:

N/4—1
sy(t) = Z a4kexp[j2m‘4kAf], o0<t<T,
k=o
N/4—1
sy(t) = Z a4k+2exp[j277t(4k + 2)Af], 0<t<T,
k=0
s(t) = o elsewhere forboth Hand V.

(5)

The difference between the signals type 1 and type 2 is in the
sparsity of the spectrum occupancy of the signal. In type 1 the
even frequencies are on the horizontal exciter of the antenna,
whereas the odd frequencies are fed to the vertical exciter.
The number of active carriers in each of the polarizations
thus is N/2. So both sounding signals have a one-out-of-two fre-
quency spectrum occupancy with respect to the regular fully
populated OFDM power spectrum. In type 2 the spectrum
occupancy is sparser, since there in each of the polarizations
every one-out-of-four frequencies is active, while the frequen-
cies fed to the horizontal exciter are shifted by two Af intervals
with respect to the vertical exciter.

An important side effect of this way of coding is that the
unambiguous range is reduced compared to the value of the
full set of carriers. This can be seen by rewriting the signal

type 1 as

N—1 .
su(t) = Z axexp|j2mkAft] M

, 0<t<T,
k=o 2
N—1 _ ik
sy(t) = Zakexp[jzkaﬁ] %, 0<t<T,
k=o
s(t) = o elsewhere for both Hand V.
(6)
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From this equation it can be seen that the horizontally polar-
ized sounding signal is composed of two peaks. Both of them are
at half the amplitude of the signal corresponding with the fully
populated set of carriers, while one of them is shifted in range
by half the unambiguous synthesized range interval. The same
holds for the vertically polarized sounding signal, however
with a 180° phase shift for the shifted peak compared with the
horizontally polarized signal.

A similar expression can be developed for the signal type 2:

N—1
sp(t) = Z ak(exp[jzﬂ'kAft])
k=0
(1 + exp[]ﬂ'k/z] + exz[]ﬂ'k] + exp[]w3k/2]) o<i<T
N—1
sy(t) = Z ax (exp[j2mkAft])
k=0
(1 - exp[]ﬂ'k/z] + exi[]ﬂ'k] - exp[]ﬂ'sk/z])’ 6<i<T,
s(t) = o elsewhere forboth Hand V.
(7)

So the reduction of the unambiguous range interval is by a
factor of two for the type 1 and by a factor of four for the type
2 signal. Figure 2 shows examples of the range profiles for
both types of signal. In order to maintain the same unambiguous
range, the carrier frequency spacing therefore should be reduced
to 1/2 or 1/4 of the value for the fully populated spectrum. As a
consequence the total duration of the signal will be extended by a
factor of 2 and 4, respectively, thus also compensating for the
otherwise reduced total power. In order to align the unambigu-
ous range intervals in Figs 2(a) and 2(b), the carrier spacing used
in Fig. 2(b) is half the value of the one used in Fig. 2(a).

The carrier codes a; have an important impact on the signal
envelope in the time domain to the extent that the ratio between
the peaks and the average of the power is affected. Certainly, the
envelope is not constant and the transmitter cannot be driven
into saturation as it is usual in radar. This could be a reason
for radar engineers to be reluctant to apply this type of wave-
form. Special coding strategies have been devised to optimize
the peak to average power ratio [8, 11].
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Fig. 2. Examples of the synthesized range profiles for the signals types 1 and 2. (a) Signal type 1, scenario: single target at 0.125 of the maximum range of 1024 bins.
(b) Signal type 2: Single target at 0.125 of the maximum range of 2048 range bins.
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One of the comments on the Doppler sensitivity of the
OFDM signal is that as soon as the Doppler shift is no
longer very small compared to the carrier frequency spacing,
the sidelobes of the compressed signal come up rapidly and
the orthogonality is lost. When the carrier codes are indepen-
dent random variables, the variance of the sidelobes will be
1/N in the case of relatively large Doppler shifts. In the
zero-Doppler case the sidelobes of the range profile after com-
pression can be managed using any of the well-known weight-
ing functions. The signal in the time domain before the
compression will show a noise-like envelope, as extensively
discussed in [8]. When on the contrary, the carrier codes
are chosen to be equal, the loss of the sidelobes will be negli-
gible, but the peak to average power ratio of the signal before
compression will be equal to N, so the signal envelope will be
strongly peaked.

. ASET OF PARAMETERS FOR
WEATHER RADAR

In the application of weather radar as described in the intro-
duction, a high resolution of the radial speed is needed, a
typical value being Av, = 0.1 m/s. For an X-band radar, this
corresponds to a Doppler resolution of 6.6 Hz and thus on a
time interval of evaluation of the phase of 0.15 s. In order to
appreciate the significance of the Doppler resolution, let us
develop a benchmark set of radar parameters compliant
with this requirement.

A) Signal type 1

For the application of detailed weather measurements using
the X-band radar, the maximum range should be not less
than 10 km. Since in OFDM the maximum unambiguous
range corresponds to R, . = ¢/2Af, and given the effect of
the odd/even coding, this translates into a carrier frequency
spacing Af < 7500 Hz. Because the duration of this carrier
spacing is directly linked to the time duration of the signal
by T=1/Af=1.33 x 10 * s, also the pulse repetition fre-
quency is an immediate consequence, PRF = 7500 Hz.
Hence, using a Doppler filterbank, the number of pulses to
be integrated in order to arrive at the required Doppler resol-
ution is N, = 0.15 X 7500 = 1125.

The number of carriers affects two parameters at the same
time: the bandwidth, B = N/Af, and the sidelobes of the pulse
compression in case of too high a Doppler shift, so in case of
loss of orthogonality, SLL = 2/Ny (the number of active car-
riers is Ny2 in both the odd and the even channels). The
range resolution of weather radar is a compromise between
sensitivity (given the number of rain droplets per resolution
volume) and detail in finding the structure of clouds. A fair
number is to assume that it should not be lower than 3 m,
hence B=c/(2AR) =50MHz and the corresponding
number of carriers is Ny= B/Af= 50 x 10%/7500 = 6667.
The correlation noise floor, which is the mean value of the
sidelobes of the pulse compression in the case of total loss
of orthogonality is SLL ~ —35.2 dB.

B) Signal type 2

Along the same line of reasoning as in Section IILA, the fre-
quency spacing should be Af < 3750 Hz, in order to maintain

the unambiguous range longer than 10 km. The correspond-
ing duration of the signal is 0.2667 ms. During the time inter-
val of evaluation of the phase of o0.15 s (refer to the
introduction of this section) the number of transmitted
pulses is N, = 0.15/0.2667 X 10" > 22 562. The number of car-
riers follows from Ny= B/Af= 13333. The number of active
carriers in both the vertical and horizontal polarization is
N{4 = 3333, leading to the same value of the correlation
noise floor as for the signal type 1.

V. THE EFFECTS OF DOPPLER
SHIFT

The concept of orthogonality of the various carriers in the
OFDM waveform is compromised if the carriers are shifted
due to Doppler. In communications this effect is called inter
carrier interference. Effectively the impact of Doppler shift
depends on the ratio of the Doppler shift to the frequency
spacing between the carriers. In case of randomly phase
coded carriers, the pulse compression in the receiver will
fully fail as soon as the Doppler shift equals the carrier
spacing.

Because of the same reason of loss of orthogonality, also the
code leakage is affected by Doppler shift and it is getting
higher the higher the ratio between Doppler shift and
carrier spacing is.

In the case of fully random carrier phase coding, the corre-
lation noise floor is described by [9]

. (m—k)n-=1
, NoaNaNaNga | €Xp JZWT
ACEIDIDIDIPD -
J k=o =0 m=o n=o exp[—jzm;—]
Ny

(8)

Here v = f,/Af is the ratio between the Doppler shift and
the carrier spacing. This expression is valid for the fully occu-
pied set of carriers. A graphical representation is in Fig. 3(a),
while in Fig. 3(b) the code leakage is presented as a function of
the relative Doppler shift v. In these graphs also the corre-
sponding graphs are shown for the odd/even carriers
waveform.

In order to compare the signal types 1 and 2 Fig. 4 shows
the code leakage and the correlation noise level, however as
a function of the absolute Doppler shift.

It can be seen that for low Doppler shifts, the difference
between the figures of merit is not significant, while for
bigger shifts the correlation noise for type 2 is lower and the
code leakage as well. The maximum of the compressed pulse
is affected by the Doppler shift as well, in particular for the
signal type 2.

These graphs demonstrate two major effects: the corre-
lation noise and the code leakage.

A) Effects on the correlation noise floor

The correlation noise, consisting of the range sidelobes in the
co-polar channel due to the Doppler shift, is very low for low
Doppler shift. More precisely, if the Doppler shift would be
exactly zero, the profile of the range sidelobes would
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Fig. 3. Comparison of the correlation noise and the code leakage of the two full sets of carriers (solid lines) and the signal type 1 (dashed lines): (a) correlation noise

and (b) code leakage.

correspond to the weighting function used in the pulse com-
pression. Just off the zero Doppler values, the waveform
using all carriers has a slightly lower correlation noise floor
than the odd/even carriers waveform (type 1), as a conse-
quence of the higher number of carriers. In all other cases,
composing the greater part of the span of Doppler values,
the odd/even waveform is superior.

B) The code leakage

Regarding the code leakage, consisting of the signal of one tract
(the “source”) leaking into the other tract (the “victim”) and
there compressed using the code of the victim tract, the odd/
even waveform is superior to the waveform with all carriers
used for the Doppler shifts of interest. Obviously, this was the
reason why this waveform was devised. Such a property is
extremely important. It supports to effectively filter away the
strong echoes from stationary ground objects, that otherwise
might clutter the meteorological echoes.

It should be reminded though that at system level the total
leaked power from one channel into the other channel is not
just due to code leakage, but also due to other system com-
ponents, e.g. the antenna. A typical number for co-/cross-
polar antenna isolation is 25-30 dB for parabolic antennas.
Calling I, the antenna co-/cross-polar isolation and I¢ the
code leakage, preferably the inequality S, + G, — I4 — Ic
< N, should hold (all values in dB). Here S, is the
maximum signal that is within the linear dynamic range of
the receiver, g, is the gain due to the processing, and y; is
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the level of the thermal noise. Using for instance S, =
70 dB with respect to thermal noise, G,= 10log(1125) =
30.5 dB (for signal type 1), I; = 30 dB then it follows Ic <
70.5 dB. Such a value is achieved for Doppler shifts close to
zero for both the signals of type 1 and type 2, but not for
|fal > 100 Hz oc 1.5 m/s. Thus stationary discrete objects,
also if some internal motion is present, do not pose a
problem. Hydrometeor echoes themselves will be much
weaker than the discretes and do not pose a problem either.

V. DISCUSSION

Using OFDM-coded waveforms tailored to minimize the
leakage of signals from one channel out of two orthogonally
polarized channels into the other one is considered to be very
promising. Such coding outperforms any other type of coding
identified so far on the figure of merit for the codes. Apart
from the straightforward coding as shown by the two types of
signal in this paper, also other codes can be devised, always
based on the orthogonality of the carriers in the waveform.

A recent experimental result obtained using the PARSAX
radar for the simultaneous transmission of an odd/even
coded pair of OFDM signals as in equation (3) is shown in
Fig. 5. It shows the range profiles of each of the four elements
of the BSM for a single OFDM sweep. The number of carriers
is N = 50 000 and the total bandwidth is B = 50 MHz. The
carriers are random QPSK coded. The antenna is pointing
at the horizon while the weather was clear. The reflections
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4000 6000

Dopler shift (Hz)
(b)

0 2000 800¢

Fig. 4. Illustration of the correlation noise and the code leakage prevailing at the signals type 1 and type 2. (a) Level of the correlation noise w.r.t. the maximum
found in the compressed co-polar channel. (b) Code Leakage in the cross-polar channel w.r.t. the maximum in the co-polar channel.
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Fig. 5. Range profiles of the four elements of the BSM. The polarization basis is linear, V/H.

in this example therefore only concern ground objects. The
vertical scale is adjusted to have the highest value (actually
the object concerned is a tall chimney) at o dB. The floor of
the signal level is close to the dynamic range of the receiver,
approx. 70 dB. More details are in [12].

The limit of applicability of the coding comes from the loss
of orthogonality, as it can be caused for instance by the
Doppler effect. Waveforms such as linear frequency modu-
lation are far more tolerant to Doppler, but cannot provide
the isolation between the codes as discussed here unless the
orthogonal signals are timed in a partially overlapping
order, like proposed in [6].

An effect that has not been addressed in this paper, but that
is highly important for keeping the carriers orthogonal while
receiving echoes with an unknown delay, is the necessity to
introduce a cyclic prefix as an extension to the duration T of
a single pulse. This effect has been discussed in detail in [9].
It does not invalidate the conclusions.

In this article the orthogonality of codes was exploited for the
benefit of measurement of the BSM in fully polarimetric radar.
The concept of orthogonality might also be used in different
applications, for instance for the benefit of retrieving the echoes
from multiple beams generated by phased array antennas.

VI. CONCLUSIONS

The waveform based on I-OFDM with a sparsity of
one-out-of-two carriers per polarization channel offers inter-
esting opportunities for a fully polarimetric radar. The par-
ameters of such a waveform for acquisition of parameters of
weather have been explored, and an initial experiment with
real-life data has shown that the waveform seems a credible
candidate for this application. Maybe other applications can

benefit from such a waveform as well, but these are outside
the scope of this article.
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