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Abstract.

This paper proposes a technique for processing signals in which the relevant

spectral feature consists of one or more narrow lines which have a nonzero Doppler shift
with respect to the reference frequency. The proposed technique consists of applying a
second demodulation process to the demodulated signal obtained as the receiver output.
The purpose of such a demodulation is to remove the frequency shift between the
observed spectral line and the center of the observed spectral band. This way, the selected
spectral line is brought to baseband, allowing the study of its envelope as a slowly varying
process. One efficient way to perform the second demodulation step is by a digital version
of a quadrature demodulator. This idea is translated into an efficient algorithm, employing
real multiplications and accumulators. An advantage of such an algorithm is that in order
to observe two spectral lines in symmetrical positions with respect to the center frequency,
common multiplication and accumulators can be used. A possible simplification of the
algorithm is discussed in which sinusoids used for demodulation are replaced by square
waves, so that multiplication reduces to a synchronous sign reversal. Possible distorsions
due to this simplified algorithm are mentioned. Possible implementations of double
demodulation in a digital signal processing system are discussed in the final part of the

paper.

1. Introduction

Doppler radar experiments are based on spectral
analysis. In fact, information is obtained from data by
evaluation of their frequency content. For example, in
a wind profiling experiment, physical quantities are
obtained by evaluation of the Doppler shift and width
of the frequency spectrum of clear-air echoes. In a
generic Doppler radar experiment the measurement
system produces a set of frequency spectra of the
received signal. A narrow spectral band centered on
the frequency of the transmitted signal is observed, so
that frequency offsets (Doppler shifts) can be appre-
ciated. Typical observed bandwidths range from some
hertz to some hundreds of hertz. In some experiments
the relevant part of the measured spectrum consists
of one or more narrow spectral lines, which are
removed from zero offset frequency. Our main con-
cern in this paper is about lines with a frequency offset
much larger than their spectral width. We will refer to

Copyright 1997 by the American Geophysical Union.

Paper number 96RS03580.
0048-6604/97/96RS-03580$11.00

such spectral features as “shifted narrow lines.” We
can consider such spectral features as “doubly mod-
ulated” baseband signals, in which the first frequency
shift is due to the radar carrier frequency and the
second to some large Doppler shift imposed by some
peculiar condition of the target. Receivers remove the
former frequency shift by means of a reference (car-
rier frequency) signal in the usual demodulation
process, but the latter is still present at the receiver
outputs. In these cases the physical measurement is
based on the accurate evaluation of the shape and
position (offset) of such lines. Line widths of fractions
of a hertz are common: Typical examples are sea
echoes in HF or VHF measurements and acoustic
lines in radio-acoustic sounding systems. Thus a high-
frequency resolution is required in spectral evaluation
in order to obtain significant results.

With usual fast Fourier transform (FFT)-based
spectral estimation algorithms, analyzing a shifted
narrow spectral line in detail is often impossible,
because the same frequency resolution has to be
applied to the whole observed band, so that a large
number of spectral points have to be used. The
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4. Double Demodulation by Sign Reversal

The main difficulty in implementing the above tech-
nique in a real-time processing system is the presence of
real multiplications. Values for the sinusoids would have
to be calculated or extracted from a table, and data
would have to be multiplied and accumulated in real
time. The processing system may be too slow to
perform these operations in real time, especially
when many heights have to be processed in parallel.

If available processing power doesn’t allow an
implementation of the complete algorithm with sine
wave multiplication, a simplified version of it can be
used, in which sine waves are replaced by square waves.
Such simplification is obtained at the cost of some
distortion of the signal, as we are now going to discuss.

The key point is the following: Multiplication by a
sine wave is approximated by an alternated sign
reversal operation. The signal to be demodulated is
multiplied by +1 or —1 according to the sign of the
demodulating sine wave. The process is performed in
parallel for the cos wt and sin wt components. In
other words, the sin wt and cos wt functions are
replaced by a couple of square waves 90° out of phase.
The demodulation and integration process is reduced
to adding data samples into separate accumulators,
reversing their sign when the corresponding square
wave is —1 and leaving them unaffected when it is +1.
These operations are clearly of faster execution than
floating point multiplications. After such sign rever-
sal, coherent integration would be used. We are going
to consider separately the effects of such operations
on spectral lines, if present, and on white noise.

Consider the complex signal defined as follows:
h(t) = Sq(cos ot) + jSq(sin wt) (17)

where Sq( ) is a modified signum function, which
only takes values +1 and —1:

Sq(x) =1
Sq(x) = -1

x=0

x<0

(18)

Here h(t) is the “square wave” version of a complex
exponential, in which the real and imaginary part are
square waves 90° out of phase. We call A(¢) a
“complex square wave” of frequency w, and we are
going to use it as a demodulating signal. Some
calculations show that A(¢) can be expanded in a
Fourier as

+o0

8 .
h(t) — 2 4n_+_Ie](4n+1)wt

(19)
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The spectrum is thus composed of a fundamental
frequency w and of harmonics at frequencies o *+
4nw. Therefore harmonics are present at 5,9, 13, - - -,
and at —3, -7, —11,.--, times the fundamental
frequency. No harmonic is present at —w, as we
expect, because A (¢) is the result of a positive funda-
mental frequency.

The receiver output signal is thus sampled and
multiplied by a sampled version of the complex
square wave A (). Such “discrete time” multiplication
is equivalent to analog multiplication followed by
sampling, so we consider the latter operation se-
quence. In the frequency domain the Fourier trans-
form of the signal is convoluted with that of the
complex square wave. As a result, the spectral line at
radian frequency w is lowered at zero frequency, and
smaller-amplitude copies of it appear at +4w, +8w, and
so on. We will refer to such copies as to “ghost lines.”

If some spectral feature were present at zero
frequency, it would be shifted to —w, with ghosts at
+3w, +7w,-+-, and at —5w, —9w, etc. Also, if a
spectral line were present at — e, it would be lowered
to —2w, with ghosts at +2w, =6w, 10w, and so on.
Aliasing of one of the ghost lines into zero frequency,
and hence signal distortion, can take place if the
original signal has any spectral features at frequencies
o * 4no, ie.,at5,9,---, 0or =3, —7,---, times the
square wave frequency. Special care must be taken to
evaluate this possibility case by case. A digital anti-
aliasing filter (e.g., a low-pass with cutoff w) could be
used to prevent this problem, but such a solution can
imply more computational effort than required by
plain multiplication by sine waves. We now imagine
that the signal is sampled after multiplication: As a
consequence, a frequency-domain “folding” takes
place. Spectral features that lie outside the Nyquist
band are folded and appear as aliases in the Nyquist
band. The effect can be visualized as the following:
Each spectral feature is moved in constant steps until
it falls within the observed band, where it adds up to
the complex spectrum.

In particular, the ghost lines generated by multipli-
cation are folded back into the observed band and can
give rise to aliasing. Depending on the relationship
between w and the (radian) sampling frequency, w,,
the following cases can occur:

1. If w, is a multiple of 4w, each aliased ghost line
is coincident with another copy of itself, because such
copies were separated by 4w. The net effect is that the
shape of each spectral line is undistorted. Further-
more, the total effect on each line can be calculated
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Figure 1.

The effects of time-discrete multiplication by a complex square wave can be visualized

considering a continuous-time multiplication followed by sampling. Let us consider a signal like in
Figure la, which has spectral features at frequencies w and —w, as well as at zero frequency.
Continuous-time multiplication by a square wave of frequency w causes an infinite set of “ghost lines”
to appear (Figure 1b). Sampling can have different effects. If the sampling frequency is an integer
multiple of 4 times the square wave frequency, each line is coincident with another copy of itself, and
no net aliasing takes place (Figure 1c); if the sampling frequency is a multiple of w but not of 4w, or if
it is not a multiple of o, the spectrum is distorted due to aliasing (Figures 1d and 1e).

because the amplitude of each ghost line is known
(proportional to 1/(4n + 1), as shown before).

2. If w, is a multiple of w but not of 4w, ghosts of
the spectral lines which in the original signal corre-
sponded at frequencies zero and —w can be aliased
into zero frequency and distort the observed signal.

3. If w, is not a multiple of w, aliased ghost lines
can spread over all the frequency field of interest, and
due to the slow decay of the 1/(4n + 1) term, strong
distortion can take place.

The conclusion is that sampling frequency w;
should be a multiple of 4w for minimum distortion.

Figure 1 shows a representation of the effects of
multiplication on the spectral content of a signal in
the above cases. We note that an even better situation
occurs when w; is exactly 4w. In this case the original
algorithm can be implemented with small effort,
because the sine wave samples reduce to sin nwt, =
0,1,0,-1,0,1,0,--+, cosnowt, = 1,0, —1,0, 1,
0, —1, - -+, so that multiplications by +1 and —1 are
sufficient. This, however, is a particular case.

After sign reversal, the signal is coherently inte-
grated to select the spectral line near zero frequency.
The observed band is reduced by a factor equal to the



788

number of coherent integrations, N. In general, a fre-
quency range much narrower than o will be observed.

The signal spectrum before coherent integration
contains a number of ghosts of the zero-frequency
spectral line at =4w. Further sets of ghost lines are
present at (—1 = 4n)w and *=2nw if s(¢) had features at
zero frequency and at —w. All such lines can cause
aliasing, and further distortions, because of the deci-
mation implied in the coherent integration process.
There is no way to eliminate these lines completely by
coherent integration. The problem can be reduced by
considering that the first step in coherent integration
is a boxcar filter with transmission zeroes at radian
frequencies n(ws/N). If o is a multiple of w,/N, all
spectral lines except the one at zero frequency fall on
transmission zeroes, and all ghost lines are strongly
attenuated. The conclusion is that for minimum dis-
tortion, the coherent integration period should be
made a multiple of the square wave period.

All the above discussion holds for spectral lines.
White noise is also present in virtually every radar
signal, and it is important to evaluate the effects of the
proposed algorithm on it. This is very easily done by
considering that white noise is uncorrelated from
sample to sample. Also, it can have positive or
negative values with equal probability. Hence sign
reversal has no effect on noise correlation, because it
produces another uncorrelated time series with the
same statistics. The effects on noise of the whole process

are thus the same as for plain coherent integration. -

With careful evaluation of distortion and aliasing
effects, this simplified procedure makes double de-
modulation affordable even for real-time processing
systems. Some problems may arise to fulfill the con-
straints we introduced for minimum distortion, i.e.,
that the sampling period, square wave period, and
coherent integration period be multiples of each
other. Such problems can usually be circumvented in
existing radar systems. In fact, (1) the sampling period
is equal to the radar IPP (interpulse period, i.e., the
time interval between successive transmitted pulses);
it is usually possible to increase the IPP, at the cost of
a reduction of the mean transmitted power, to adjust
it to a submultiple of the square wave period. On the
contrary, it is not usually possible to reduce the IPP,
because multiple-time-around echoes can appear; (2)
on the other hand, there is no need to use a square
wave frequency strictly equal to the spectral line
frequency: there can be a small difference, because
the algorithm allows observation of a small frequency
band; and (3) spectral lines are usually narrow, and

RAGAINI AND WOODMAN: DEMODULATION OF COMPLEX BASEBAND SIGNALS

rather large values of N can be used, so it is not
difficult to find a coherent integration number multi-
ple of the required factors.

A typical parameter selection procedure can thus
be the following: (1) determine the spectral line
frequency to observe; (2) determine a square wave
frequency F, close to the spectral line; if necessary,
adjust the IPP so that sampling frequency is a multiple
of 4F,; and (3) determine the coherent integration
period as the largest multiple of the square wave period
that allows observation of the required bandwidth.

5. Possible Implementations

A possible hardware implementation of double
demodulation is shown in Figure 2. We consider that
an integer multiple of the sampling period is used for
the square wave. We further suppose that the phase
of the square waves and the sample pulses are
synchronized so that no sample falls on the square
wave transition front. The easiest way to obtain this is
to choose a square wave period multiple of 4 times
the sample rate: This way, the 90° phase shift between
“sin” and “cos” square waves contains an integer
number of samples. Thus each square wave period is
divided into four “quadrants” where the two control
signals are (1, 1), (=1, 1), (=1, —1), and (1, —-1),
respectively. These control signals can be generated
by a two-bit register, cycling through four states,
clocked by a simple programable counter. If a square
wave period contains 4N samples, the programable
counter generates a pulse every N samples, which
triggers a transition in the register state. The register
bits in turn control two programable sign switchers. If
nonmultiple periods are used, control pulses have to
be generated by a separate oscillator, possibly linked
to the system clock. Another possible implementa-
tion, which avoids sign switchers, is to use the control
signals as address bits to select the accumulator where
samples will be added. So all samples corresponding
to a +1 control signal are accumulated in one regis-
ter, and all samples corresponding to —1 are accumu-
lated in another. At the end of the coherent integra-
tion period the content of the second register is
subtracted from the first; the result is the same as
obtained by a sum with sign switching. This solution
avoids sign switching but requires the use of eight
accumulators: one accumulator is needed for each
state (+1/—1) of each of demodulating signal (sin and
cos) for each of the components (real and imaginary)
of the input signal. A software implementation is also
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