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Abstract: Many modern ionospheric studies rely on incoherent scatter radars (ISR) since this kind of
radar is able to detect various ionospheric parameters over very long ranges. The performance of ISR
significantly depends on its coding system. In recent decades, a new type of coding system, which is
the so-called composite coding, was presented. It used to be constructed by using a certain code to
modulate alternating code to achieve better detection resolution and anti-noise performance for ISRs.
In the present study, a new composite coding system was presented, which is constructed based on
complementary codes and alternating codes. In this paper, the performance of the new composite
code will be compared with that of several traditional codes to show that the new composite code
can help to improve the detection performance of the ISR. According to the analysis based on the
ambiguity function, the present composite coding system helps to improve the range resolution and
detection range for ISR detections. In addition, numerical tests on anti-noise performance show that
the complementary composite coding system has a good anti-noise performance and helps to reduce
the necessary times of incoherent integration. As a result, the composite coding system can improve
the time resolution.

Keywords: incoherent scatter radar; composite code; range resolution; anti-noise

Incoherent scatter radar (ISR) [1,2] is one of the most effective instruments for detecting
the ionosphere. Its detection generally ranges from 60 km to 1000 km. It is also able to
detect various physical parameters of the ionosphere, for example, electron density, electron
temperature, ion temperature, ion drift velocity. Hagfors [3] observed plasma lines with
incoherent scatter radar in 1981, and ion-neutral collision frequency was measured with
incoherent scatter radar by Nygrén [4] in 1987. Many coding systems, such as the long
pulse code and the Barker code [5], are frequently employed in incoherent scattering
detection. Hysell [6] used the two types of codes to measure different parameters of the E-
and F-region of the ionosphere. In 1987, Lehtinen proposed another coding system called
the alternating codes [7]. Markkanen, Nygrén and Sulzer [8–10] further developed the
alternating code on that basis. Haeggstroem [11] used the alternating code to measure
ion composition. Additionally, another system, which is the so-called “complementary
code” has been frequently utilized in space environment detection in recent years [12].
In recent decades, in order to improve the range resolution and anti-noise performance,
a new concept for the coding system, which is called the “composite code”, has been
presented [13,14]. After that, Guo et al. adopted a composite coding scheme, which is the
alternating code modulated by the Baker code [15]. The range resolution and anti-noise
performance of the composite code strengthens obviously with the increasing number
of bits of the Barker code. Both the range resolution and the anti-noise performance are
better than that of the Barker code or the alternating code. Unfortunately, it is impossible to
further improve the range resolution and anti-noise performance for that type of composite
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code since the maximum number of Barker codes is only 13 bits. In order to solve this
defect, a new composite code, the alternating code modulated by the complementary code,
is proposed to improve the detection performance of radar. The complementary code
is not limited by the number of code bits such as the Barker codes. In other words, the
present coding scheme has great potential to improve its capability of range resolution
and anti-noise performance. In the present paper, the performance of traditional strong
alternating codes, long pulse and composite codes are compared in the following aspects—
the two-dimensional ambiguity function (TDAF), the range ambiguity function and the
autocorrelation function. According to these performance comparisons, it can be seen that
the performance of the composite code is improved comparing to the previous codes. In
such a case, the proposed composite code can help to improve the detection performance
of incoherent scattering radar.

1. Complementary Code, Alternating Code and Composite Code
1.1. Complementary Code

The complementary code, which is also called the Golay code, was first proposed
by Golay in 1949 [16]. In 1961 and 1962, Golay proposed a method to construct long
complementary codes [17]. A complementary code is composed of two sequences, which
are called the A code and the B code, respectively. The lengths of the two sequences
must be equivalent. Once the aperiodic autocorrelation functions (AACF) for the two
sequences are added, the side lobe levels cancel each other, that is, the side lobes are zero.
Meanwhile, the main lobe level doubles, that is, supposing that the lengths of the A code
and the B code are P, the main lobe level would be 2P. That is the main characteristic
of the complementary code. It requires the A code and the B code to be transmitted
simultaneously, that is, normally it is applicable to dual-frequency radars or the radars,
which are able to simultaneously transmit signals in different polarizations. Another way
to use the complementary code by single-frequency radars is to transmit the A code and
the B code in sequence, that is, the coded radar signals are transmitted in the sequence of
A, B, A, B, A...

So far, there are 2-bit, 10-bit and 26-bit complementary codes, which are called the
cores of the complementary codes. The number of complementary codes is limited. Nev-
ertheless, a longer complementary code can be constructed with the tandem method and
the interpolation method on the basis of the cores of complementary codes. Both methods
use two complementary codes of length P to make the length become 2P, so that as long
as the construction principle is satisfied, more and longer complementary codes can be
constructed.

1.2. Alternating Code

Alternating codes are also frequently utilized codes for incoherent detections [18].
In addition, it is the basis for the composite coding. In other words, alternating codes
usually involve the modulation of a composite code. In the present study, the 4-bit strong
alternating code with its code number was employed to construct the composite coding
system. Its bitmap is shown in Figure 1a, while its autocorrelation function is shown in
Figure 1b.

1.3. Composite Code

The composite code is modulated by two or more different types of code. The compos-
ite code was first proposed by Damtie et al and Lehtinen et al. [12,14]. In Lehtinen’s work,
the 5-bit Barker code and the 22-bit alternating code were employed to form the composite
code. After that, the distance resolution and anti-noise performance of the composite cod-
ing (alternating code modulated by Barker code) were studied by Guo et al. [15]. According
to Guo’s study, the range resolution and the anti-noise performance of the composite code
are better than that of the alternating code. It is noticeable that the range resolution and the
anti-noise performance of the composite code could be improved by increasing the number
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of bits of the Barker codes. However, the maximum code position of Barker codes is only
13 bits. The potential to further improve the range resolution and the noise immunity
is limited.

Figure 1. The 4-bit strong alternating code bitmap and autocorrelation function.

2. Performance of the Composite Code
2.1. Two-Dimensional Ambiguity Function

According to the theory of the ambiguity function [19], the carrier wave is first mod-
ulated by the 4-bit strong alternating code, and then the A code of the complementary
code is used to modulate every chip of the 4-bit strong alternating code to obtain the A
code of the composite code. The B code is obtained with a similar method. It makes each
element of the alternating code wider. In this letter, it is assumed that the width of the filter
is equal to the chip width of the complementary code, and the filter is ideal. It must be
noted that the impulse response matches the complementary code. In the time domain,
the autocorrelation of the amplitude ambiguity function is a two-dimensional ambiguity
function (TDAF), which can reflect the weighted average of the autocorrelation function of
the detection target in the lag-range space. Figures 2–4 illustrate the 4-bit strong alternating
code modulated by 4-bit complementary codes, 8-bit complementary codes and 16-bit com-
plementary codes, respectively. According to those figures, there are some differences that
reflect different performances. The first difference is that the peaks of the main lobes are not
the same. The longer the bits of the complementary code, the higher the peaks of the main
lobes. The peaks of the main lobes can reflect the detection range. The higher the peaks
of the main lobes, the farther the detection range. So the detection range increases with
the bits of the composite code. The second difference is the width of the main peaks in the
corresponding contour plot of the two-dimensional ambiguity function. The longer the bits
of the complementary code, the narrower the width of the main peaks in the corresponding
contour plot of the two-dimensional ambiguity function. The width of the main peaks in
the corresponding contour plot reflect the range resolution. The narrower the width of the
main peaks in the corresponding contour plot, the higher the range resolution. So the range
resolution increases with the bits of the composite code. In such a case, the three figures
illustrate that the detection range and the range resolution could increase with the bits of
the composite code. According to those figures, the peak values of the TDAF increase with
the increasing number of complementary bits. As the results, the peaks of TDAF sharpen
with the increasing number of complementary bits. Compared with that of the composite
code based on Barker codes [15], the projection of the ambiguity function on the delay axis
of the alternating codes modulated by the complementary is narrower. In such a case, the
range resolution and detection range increases with the number of complementary bits.
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The TDAF of the long pulse and the 4-bit strong alternating code are shown in
Figures 5 and 6. According to Figure 5, it is obvious that the peaks of the TDAF for the
long pulse are all connected without any sharp peaks, and the range resolution is poor. It
can be seen from Figure 6 that the TDAF of the 4-bit strong alternating code has six sharp
peaks, while there are 24 sharp peaks in composite codes. Therefore, the range resolutions
of composite codes are better than that of the alternating code and the long pulse.

Figure 2. (a) TDAF of 4-bit strong alternating code modulated by 4-bit complementary code and
(b) corresponding contour plot.

Figure 3. (a) TDAF of 4-bit strong alternating code modulated by 8-bit complementary code and
(b) corresponding contour plot.
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Figure 4. (a) TDAF of 4-bit strong alternating code modulated by 16-bit complementary code and
(b) corresponding contour plot.

Figure 5. (a) TDAF of long pulse and (b) corresponding contour plot.

2.2. Range Ambiguity Function

The range ambiguity function, which can reflect the range resolution, is the integral of
the TDAF over the lag [20]. The minimum distance at which a radar can distinguish two
targets is called the range resolution [21].

Figure 7a shows the range ambiguity function for the composite codes based on the
16-bit complementary code, with the complementary code slice width of 5 µs and the range
resolution of 0.75 km. Figure 7b shows the range ambiguity function of the 16-bit strong
alternating codes, with the alternating code slice width of 20 µs and the range resolution
of 3 km. According to Figure 7a,b, the main peak of the 16-bit strong alternating code is
wider than that of the composite codes based on the 16-bit complementary code, indicating
that its range resolution is poor. The height of the main peak indicates the power of the
code. Comparing the two codes, the power of the composite codes is also higher than
that of the alternating code, indicating that its detection range is longer. However, there
is only one main peak in the traditional alternating code, while there are few side lobes
in composite codes, which enables the clutters generated by the target at some ranges to
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affect the detection of the radar. This is called the radar range ambiguity. Due to the large
difference between the peak value of the main lobe and the side lobe, the side lobe will
be drowned in the noise, so it is less likely to cause range ambiguity, but some attention
should be paid to it. In summary, the composite codes are superior to the traditional strong
alternating code in both range resolution and detection range, but it has a small possibility
of causing range ambiguity at some points.

Figure 6. (a) TDAF of 4-bit strong alternating code and (b) corresponding contour plot.

2.3. Anti-Noise Performance

For ISR detections, the echo signals used to be very weak. In such a case, good
anti-noise performance is very significant for an incoherent scattering radar system. The
range ambiguity function and the autocorrelation function could reflect the anti-noise
performance for a coding system in general. Nevertheless, the noise in ionospheric detec-
tion could be complicated. In the present subsection, the anti-noise performance of the
composite coding system will be evaluated in more detail.

The clutter noise from the neutral atmosphere/ionosphere is considered in this paper.
The clutter noise can be considered Rayleigh clutter [22]. In order to simulate the anti-
noise performance of the present composite codes, the Rayleigh clutter was added with
the composite coded signals. The SNRs were assumed to be −5 dB. The incoherent
integration was utilized since the incoherent echo signals are very weak. Figure 8a,b shows
the autocorrelation functions for the composite codes and the strong alternating code,
respectively. In Figure 8, the black line represents the autocorrelation function without
noise. The cyan line represents the autocorrelation function with the added noise, whose
corresponding SNR is −5 dB, and the red line represents the autocorrelation function
after incoherent accumulation. It can be seen from Figure 8 that the deformation of the
autocorrelation function of the alternating code with the added noise is relatively large.
There is still deformation between the autocorrelation function after 100 times of incoherent
accumulation and the autocorrelation function without noise. When the noise is added to
the autocorrelation function of composite codes, its deformation degree is small, indicating
that the composite codes have a good anti-noise performance. Moreover, after ten times of
incoherent accumulation, the degree of deformation between the autocorrelation function
and that without noise is less than that of the alternating code, indicating that the time
of radar detection is reduced and the time resolution is improved. To summarize, the
anti-noise performance of composite codes is better than that of the traditional alternating
code, and the time resolution is improved.

In order to further compare the anti-noise performances of the strong alternating code
and the composite code, the SNR of the echo signal after two kinds of coding is continuously
improved, and the range ambiguity functions with the SNR of −5 dB, −10 dB and −12 dB
were simulated. The results are shown in Figure 9. In the figure, it can be seen that,
when the SNR decreases into −12 dB, the main peak of the range ambiguity function of the
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composite codes can still be clearly distinguished, so the target information can be extracted
from the echo signal. However, the main peak of the range ambiguity function of the 16-bit
strong alternating code is submerged in the noise, which could yield the ambiguity of the
target information. In conclusion, the anti-noise performance of the present composite
codes is better than that of the strong alternating code, which greatly improves the detection
ability of weak signals of the radar. Therefore, effective target information can be extracted
by using the composite codes in some harsh space environment.

Figure 7. (a) Range ambiguity function of 4-bit strong alternating code modulated by 16-bit comple-
mentary code and (b) Range ambiguity function of 16-bit strong alternating code.

Figure 8. (a) Autocorrelation function of 4-bit strong alternating code modulated by 16-bit comple-
mentary code and (b) Autocorrelation function of 16-bit strong alternating code.
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Figure 9. (a) Range ambiguity function of the composite codes of the 4-bit strong alternatig code
modulated by 16-bit complementary code with SNR of −5 dB, −10 dB and −12 dB and (b) Range
ambiguity function of the 16-bit alternating code with SNR of −5 dB, −10 dB and −12 dB.

3. Summary and Conclusions

In this paper, a new composite coding system, which is constructed by a complemen-
tary code modulation alternating code, was proposed for incoherent scattering radar. The
new composite code can help improve the detection performance of ISR by increasing the
bits of the composite code, because the detection range and the range resolution could
increase with the bits of the composite code. Comparing the TDAF of the composite code
with that of the long pulse and the 4-bit strong alternating code, the peak of the TDAF of
the long pulse are all connected without any sharp peaks and the TDAF of the 4-bit strong
alternating code has six sharp peaks, while there are 24 sharp peaks in the composite code.
Therefore, the range resolution and the detection range of the composite code is the best in
the three types of codes. In order to analyze the anti-noise performance of the composite
code, the alternating code and the composite code were compared in Figures 8 and 9. By
comparing these two figures, it can be concluded that the anti-noise performance and the
time resolution of the composite code are better than those of the alternating code.

In summary, the present composite code has better range resolution, detection range,
anti-noise performance and time resolution than those of the traditional alternating code.
In addition, the resolution and the anti-noise performance of the complementary compos-
ite coding system are easy to improve by extending the bits number of the elementary
complementary code. However, some attention should be paid to the small possibility of
causing range ambiguity at some points.
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