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Abstract: The classical two-channel push-pull chirp transform spectrometer (CTS) has been widely
applied in satellite-borne remote sensing systems for earth observation and deep space exploration.
In this paper, we present two simplified structures with single M(l)-C(s) CTS arrangements for the
spectral analysis of stationary signals. A simplified CTS system with a single M(l)-C(s) arrangement
and a time delay line was firstly developed. Another simplified structure of CTS with a M(l)-C(s)
arrangement and a frequency conversion channel was also developed for spectral analysis of station-
ary signals. Simulation and experiment results demonstrate that the two simplified arrangements
can both realize spectrum measurement for the stationary signals and obtain the same frequency
resolution, amplitude accuracy and system sensitivity as that of the classical two-channel push–pull
CTS system. Compared to the classical CTS structure, the two simplified arrangements require fewer
devices, save power consumption and have reduced mass. The matching problem between the two
channels can be avoided in the two simplified arrangements. The simplified CTS arrangements may
have potential application in the spectrum measurement of stationary signals in the field of aviation
and spaceflight.

Keywords: spectral analysis; chirp transform spectrometer; stationary signals; remote sensing;
microwave heterodyne spectroscopy

1. Introduction

Signal-processing techniques based on the chirp transform algorithm [1] have been
developed and used for several decades [2,3]. With the development of the radar pulse
compression technology and the high-performance surface acoustic wave (SAW) filter [4],
chirp transform techniques have been widely used to perform real-time Fourier transform.
Based on chirp transform techniques, the analog Fourier transform system is called the
chirp transform spectrometer (CTS) [5–7].

The main feature of the CTS system is the analog SAW filter, which is used as the
convolver for matched filtering. Initially designed for pulse compression in a radar system,
the SAW filter was developed rapidly and is available commercially with up to 800 MHz
bandwidth [8]. The large operational bandwidth of the SAW filter gives the CTS system
large real-time processing bandwidth and high spectral resolution. Compared to the
established fast-Fourier-transform (FFT) spectrometer [9], the CTS system with the analog
SAW filter as the convolver offers high resolution, high stability, low power consumption,
low mass and small size at the expense of limited accuracy and dynamic range [10]. Many
significant breakthroughs in the design of the SAW filters with large time–bandwidth
product as well as precise dispersive matching between the SAW devices have promoted
the implementation of the CTS system [11]. The CTS system has been widely developed
and applied in many fields, such as microwave remote sensing, meteorological sounding,
astronomical observations as well as deep space exploration [12]. Early in the 1990s, the
CTS backend was used for atmosphere sounding by P. Hartogh [13,14]. In the mid-1990s,
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the ground-based CTS system was used for the sub-millimeter observations of comets [15]
and planets [16]. The CTS backend has also been used in the Microwave Spectrometer for
the Rosetta Orbiter (MIRO), which launched in 2004 and has investigated the atmosphere of
Comet Chyruymov Gerasimenko since 2014. Recently, the CTS backend has been applied
in the high-resolution spectrometer of the German Receiver for Astronomy at Terahertz
Frequency (GREAT) on board the Stratospheric Observatory For Infrared Astronomy
(SOFIA) for the study of modern astrophysics.

In a CTS system, the main features of the chirp transform algorithm are the signal
expansion and pulse compression. In [10], it is shown that the premultiplication of the
measured signal with a chirp signal (signal expansion) followed by a convolution filter
(signal compression) and then postmultiplication with another chirp signal yields the
Fourier transform. The spectral distribution of the measured signal can be found though
the time distribution of the output pulses. There are usually two similar arrangements
in a CTS system. One is the M(S)-C(l)-M arrangement, in which the time duration of the
premultiplication chirp signal is short compared to the impulse response of the convo-
lution filter. Another is the M(l)-C(s)-M arrangement, in which the time duration of the
premultiplication chirp signal is long. The used notation M denotes the multiplication, C
denotes the convolution, l means long duration time and s means short duration time. If
only considering the power spectrum of the stationary signal, the procedure of the post-
multiplication with another chirp signal can be ignored, which means that only the M-C
arrangement obtains the same results as the M-C-M arrangement. Taking the frequency
resolution and the process of the SAW convolution filter into consideration, it is more
advisable to use the M(l)-C(s) arrangement for Fourier transform processor design.

The M(l)-C(s) arrangement is also called the sliding transform and actually analyzes
the spectrum of the input signal at different time segments, and thus it is only suitable for
the measurement of the stationary signal. Meanwhile, the time segmentation measurement
of the input signal can only observe part of the spectrum, influencing the system sensitivity.
To improve the system sensitivity, a classical two-channel push-pull CTS structure with
two M(l)-C(s) arrangements was developed [17]. This two-channel push-pull CST structure
has two symmetrical M(l)-C(s) arrangements, which have a half-period time delay between
each other. It can measure the stationary signal and obtain the maximum system sensitivity.
The biggest challenge of the two-channel CTS structure is the matching problem between
the two channels (especially the match between different SAW filters), which directly
influences the accuracy of the power spectrum and the frequency resolution. In this
research, we studied and developed two novel simplified structures with only one M(l)-
C(s) arrangement for the measurement of the stationary signal. These two simplified
structures have fewer devices and less weight and can avoid the matching problem without
degrading the system’s performance.

The contents of this paper are organized as follows. In Section 2, we firstly give a brief
introduction to the M(l)-C(s) arrangement and its operational principle, followed by some
application limitations. Subsequently, the classical two-channel push-pull CTS system
that based on two M(l)-C(s) arrangements is presented and discussed. In Section 3, two
simplified CTS structures based on only one M(l)-C(s) arrangement for the measurement
of stationary signals are presented and theoretically analyzed individually. The simulation
and experimental verification of the two novel simplified structures are presented in
Sections 4 and 5. We also discuss the benefits and drawbacks of the two simplified structures
compared to the classical two-channel structure from the system structure to the system
performance, including the power spectrum and frequency resolution of the output pulses.
A brief conclusion is drawn in the last section.

2. M-C Arrangement and the Classical Two-Channel CTS System
2.1. M(l)-C(s) Arrangement

Usually, a symmetrical structure (M-C-M or C-M-C arrangements) is required to
perform a full Fourier transform. When only considering the power spectrum of the
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measured signal, the M(l)-C(s) arrangement can obtain the same result as the symmetrical
structure. Figure 1 is the sketch of the M(l)-C(s) arrangement. The expander chirp signal
C1(t) that used for the premultiplication is generated by an analog SAW filter or by direct
digital synthesis (DDS) devices. The convolution filter (also called the matching filter) is an
analog SAW filter, which has a dispersive characteristic opposite to that of the expander
chirp signal. The expander chirp signal C1(t) and the impulse response of the convolution
filter H0(t) are both of the form

C1(t) = ∏
{

t− t1

T1

}
w1(t) · cos

(
ω1t− πµt2 + φ1

)
(1)

Equation (1) describes a finite time and bandwidth-duration chirp signal, where

∏
{

t−t1
T1

}
is a rectangular gating function with time duration T1 centered on time t = t1.

Function w1(t) is an arbitrary weighting function, and it is set to be unity in the following
derivation. ω1 is the initial angular frequency, φ1 is a phase term and µ is the chirp rate,
which corresponds to the dispersive characteristic of the chirp filter.
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Figure 1. M(l)-C(s) chirp transform processor arrangement.

The input signal f (t) is firstly premultiplied with the expander chirp signal and then
passes though the SAW chirp filter. The output of the convolution filter can be written as

S2(t) = ∏
(

t− t′

T′′

)∫ +∞

−∞
f̂ (τ) · cos

(
ω1τ − πµτ2 + φ1

)
· cos

{
ω0(t− τ) + πµ(t− τ)2 + φ0

}
dτ (2)

where

f̂ (τ) = f (τ)∏
(

t− τ − 1
2 T0

T0

)
(3)

t′ =
1
2
(T0 + T1) T′′ = T1 − T0 (T1 > T0) (4) (4)

T0 denotes the time duration of the impulse response of the convolution filter, and
T1 denotes the time duration of the expander chirp signal. In the M(l)-C(s) arrangement,
T1 is larger than T0. The multiplication of the two cosine terms produces integrals that
involve terms in (ω1 + ω0) and (ω1 −ω0). Those terms depend on (ω1 + ω0), and the
corresponding integrals can be ignored. Thus, Equation (2) can be reduced to:

S2(t) = ∏
(

t− t′

T′′

)[∫ +∞

−∞
x(τ) · exp(−jΩτ)dτ +

∫ +∞

−∞
x∗(τ) · exp(jΩτ)dτ

]
(5)

where Ω = ω0 −ω1 + 2πµt and

x(τ) = f̂ (τ) · exp
[

j
(

ω0t + πµt2 + φ0 + φ1

)]
(6)

The used symbol ∗means complex conjugation. Considering the input signal is real,
Equation (5) can be written as:
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S2(t) = ∏
(

t− t′

T′′

)
(X(Ω) + X∗(Ω)) (7)

where X(Ω) is the Fourier transform of x(t). Therefore, Equation (7) can further be written
in the form:

S2(t) = ∏
(

t− t′

T′′

)
Re
{

F̂(Ω) · exp
[

j
(

ω0t + πµt2 + φ0 + φ1

)]}
(8)

Here, Re denotes the real part, and F̂(Ω) = F̂(ω0 −ω1 + 2πµt) is the Fourier trans-
form of F̂(t). Rewriting F̂(Ω) in the form of modulus and argument

F̂(Ω) =
∣∣F̂(Ω)

∣∣∠Φ(Ω) (9)

Equation (8) turns into:

S2(t) = ∏
(

t− t′

T′′

)∣∣F̂(Ω)
∣∣ · cos

(
ω0t + πµt2 + φ0 + φ1 + Φ(Ω)

)
(10)

Equation (10) indicates that the envelope of the signal S2(t), presented at the output
of the M(l)-C(s) arrangement, is the power spectrum of the (truncated) input signal f (t).
The gating function in Equation (10) is sliding across f (t), only involving a different part of
f (t), which indicates that only the spectrum of the different part of input signal is obtained.
Thus, the M(l)-C(s) arrangement is only feasible for the measurement of the stationary
signal, which requires that the input signals are stable during a full measurement cycle.

2.2. The Classical Two-Channel Push-Pull CTS System

As discussed above, the M(l)-C(s) arrangement can only measure the spectrum of
different time of the input signal, leading to a limited dynamic range measurement. The
large insertion loss (>40 dB) of the SAW filter as well as the partial measuring of the
input signal significantly degrade the system’s sensitivity, which is vitally important to
radiation measurement. In order to measure the stationary signal with a relatively high
dynamic range, a classical two-channel push-pull CTS structure based on two M(l)-C(s)
arrangements was developed, as shown in Figure 2.
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In the two-channel CTS system, for each period, the time duration of the expander
chirp signal is twice of that of the SAW convolution filter. This means that only half of the
input signal is measured by one M(l)-C(s) arrangement during each period, so two similar
M(l)-C(s) arrangements (one with a half-period time delay) were adopted to ensure a 100%
duty cycle. The full cycle measurement helps to improve the system’s sensitivity. Obviously,
the two-channel structure increases the number of devices, and the corresponding weight
and power consumption of the system are also increased. In addition, the precise match
between the two channels is a big challenge for the system’s implementation.

3. Two Novel CTS Structures Based on Single M(l)-C(s) Arrangement

In the classical two-channel push-pull CTS system, the two M(l)-C(s) arrangements
work alternately to ensure the 100% working duty cycle and improve the system’s sensitiv-
ity. However, in the implementation of the system, some challenges exist. The most difficult
one is the matching problem between the two channels including the line match, device
match as well as the dispersion characteristics match between different SAW filters. At the
same time, the devices are doubled, and the corresponding weight and power consumption
are also considered due to the utilization of the two M(l)-C(s) arrangements.

We developed two novel simplified CTS structures based on a single M(l)-C(s) ar-
rangement for the measurement of stationary signal. One is called the time delay single
M(l)-C(s) arrangement (TDS M-C arrangement), which includes one M(l)-C(s) arrangement
and a time delay channel. The other is called the frequency conversion single M(l)-C(s)
arrangement (FCS M-C arrangement), which contains a single M(l)-C(s) arrangement and
an up-and-down frequency conversion circuit.

3.1. TDS M-C Arrangement

In many situations, such as atmosphere radiation measurement or vegetation radiation
measurement, the spectrum of the measured signal remains unchanged during the measur-
ing time, and the measured signal can be seen as the stationary signal. As mentioned in
Section 2, the M(l)-C(s) arrangement slides across the input signal and only performs the
Fourier transform of some parts of the input signal. Thus, the M(l)-C(s) arrangement is
only suitable for the measurement of the stationary signal. In addition, the intermittent
measurement of the M(l)-C(s) arrangement degrades the system’s sensitivity. A novel
and simple CTS structure with only one M(l)-C(s) arrangement and a time delay line was
developed for the measurement of the stationary signal as shown in Figure 3.
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Figure 3. The structure of the time delay single M(l)-C(s) (TDS M-C) arrangement.

In Figure 3, the input signal is firstly mixed with the chirp signal to obtain the modu-
lated intermediate frequency (IF) chirp signal. Then, after the amplifier, the modulated IF
chirp signal is divided into two parts, which have a half period (10 µs) time delay between
each other. Subsequently, the two parts are combined, filtered and compressed into pulses
in time domain though the SAW filter. The time delay line guarantees a 100% duty cycle
in the measurement. It is important to note that the output pulses from the structure in
Figure 3 are different from the simple doubling of the output pulses from single M(l)-C(s)
arrangement. The initial phases of the IF chirp signals and the noise are different before
and after the time delay line. As the SAW filter is not sensitive to the initial phase, the
IF chirp signals before and after the time delay line are both compressed into the same
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pulses (with a 10 µs time delay), while the noise is not compressed. Therefore, this novel
CTS system based on one M(l)-C(s) arrangement has the same system sensitivity as the
classical two-channel CTS system. Compared to the classical two-channel push-pull CTS
system, this novel structure has fewer devices and reduced mass, which may have potential
applications in the area of aviation.

3.2. FCS M-C Arrangement

Another novel frequency conversion single M(l)-C(s) arrangement was also developed
for stationary signal measurement as shown in Figure 4.
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In the FCS M-C arrangement, the input signal is firstly mixed with the chirp signal
to obtain the modulated IF chirp signal, which is similar to the M(l)-C(s) arrangement.
Then, the modulated IF chirp signal is split into two parts; one is firstly mixed with an
up-and-down conversion mixer and then combined with another part. Subsequently,
signals from the combiner are sent to the SAW filter for final pulse compression. The added
up-and-down conversion mixer actually helps to collect the missing parts of the input
signal in the M(l)-C(s) arrangement. Thus, the FCS M-C arrangement can deal with the
entire part of the input signal and obtain a full duty cycle in the expander-compressor
arrangement. There is a matching network in the FCS M-C arrangement, which takes
the dispersion delay of the up-and-down conversion mixer into consideration. Usually,
the dispersion delay of mixer is at a picosecond level, which is much smaller than the
time interval of the output pulses in most CTS systems, and its effect can be ignored. The
two band-pass filters in the FCS M-C arrangement are used to filter out spurious signals,
and the passband width is equal to the working bandwidth of the SAW filter. The fixed
frequency sent to the LO port of the up-and-down mixer is equal to the bandwidth of the
convolution filter. Only considering the signal passing though the added up-and-down
mixer in the FCS M-C arrangement, the output of the SAW filter can be written as:

S2(t) =
∫ +∞

−∞
f (τ) · cos(2πµToτ) · C1(τ) · H0(t− τ)dτ (11)

where cos(2πµToτ) indicates the up-and-down mixer and µT0 is a fixed input frequency at
the LO port. Equation (11) can be further written as:

S2(t) = ∏
(

t− t′

T′′

)∫ +∞

−∞
f̂1(τ) · cos

(
ω1τ − πµτ2 + φ1

)
· cos

{
ω0(t− τ) + πµ(t− τ)2 + φ0

}
dτ (12)

where

f̂1(τ) = f (τ)∏
(

t− τ − 1
2 T0

T0

)
· cos(2πµT0τ) (13)

Let Ω = ω0−ω1 + 2πµ(t± T0) and x1(τ) = f̂ (τ ± T0) · exp
[
j
(
ω0t + πµt2 + φ0 + φ1

)]
,

Equation (13) can be rewritten as:
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S2(t) = ∏
(

t− t′

T′′

)
(X1(Ω) + X∗1 (Ω)) (14)

where X1(Ω) is Fourier transform of x1(t). Equation (14) indicates that the FCS M-C
arrangement performs the Fourier transform of f̂ (t± T0), which represents the previous
and later parts of the input signal with a time interval of T0. It can be seen that the added
up-and-down mixer in the FCS M-C arrangement helps to obtain a full duty cycle in each
period, which achieves a similar effect to the classical two-channel push-pull CTS system.

4. Simulation and Analysis

To validate the proposed two novel expander-compressor arrangements, three sim-
ulation models were built in Advanced Design System (ADS). One is based on the TDS
M-C arrangement, and one is based on the FCS M-C arrangement. A model based on
the classical two-channel push-pull CTS system was also built for comparison. The input
signals were set to be several discrete cosine signals with identical amplitude. The expander
chirp signal was generated by a voltage source in ADS. A s2p file was created to replace
the SAW filter for pulse compression. The output pulses and the frequency resolution were
measured and analyzed.

4.1. Simulation of the TDS M-C Arrangement

The input signals are four stationary discrete cosine signals with frequencies of 1.8 GHz,
1.9 GHz, 2.0 GHz and 2.1 GHz. The expander chirp signal has a bandwidth of 1.2 GHz and
is centered at 3.1 GHz. The chirp rate is 60 MHz/µs and the time duration is 20 µs. The
total simulation time was set to be 50 µs. Figure 5 shows the output pulses from the TDS
M-C arrangement and the classical two-channel CTS. The different output pulses in the time
domain represent the different input frequencies. It can be seen that the time interval of the
output pulses is 1.667 µs, which corresponds to the 100 MHz frequency interval between the
input frequencies considering the chirp rate of 60 MHz/µs. The time delay line in the TDS
M-C arrangement helps to move the output pulses from one period to the nearby period
acquiring a 100% duty cycle, which has the same effect as the other channel in the classical
two-channel CTS structure. The amplitudes of the output pulses are a little different, and
the maximum difference is between the pulses at m1 and m2, which is about 5 percent
difference. This is mainly caused by the non-ideal mixer in the simulation, which has different
conversion loss for the different input frequencies. As the phase response of the time delay
line is random, the system sensitivity of the TDS M-C arrangement is the same as that of the
classical two-channel CTS structure. Figure 6 shows the pulses at 13.34 µs from the classical
two-channel CTS structure and the pulses at 23.34 µs from the TDS M-C arrangement. Both
pulses have the shape of a sinc function, and the time widths of the pulses are the same, which
virtually reflects the system’s frequency resolution.

Electronics 2021, 10, 65 8 of 14 
 

 

signals were set to be several discrete cosine signals with identical amplitude. The ex-
pander chirp signal was generated by a voltage source in ADS. A s2p file was created to 
replace the SAW filter for pulse compression. The output pulses and the frequency res-
olution were measured and analyzed. 

4.1. Simulation of the TDS M-C Arrangement 
The input signals are four stationary discrete cosine signals with frequencies of 1.8 

GHz, 1.9 GHz, 2.0 GHz and 2.1 GHz. The expander chirp signal has a bandwidth of 1.2 
GHz and is centered at 3.1 GHz. The chirp rate is 60 MHz/µs and the time duration is 20 
µs. The total simulation time was set to be 50 µs. Figure 5 shows the output pulses from 
the TDS M-C arrangement and the classical two-channel CTS. The different output pulses 
in the time domain represent the different input frequencies. It can be seen that the time 
interval of the output pulses is 1.667 µs, which corresponds to the 100 MHz frequency 
interval between the input frequencies considering the chirp rate of 60 MHz/µs. The time 
delay line in the TDS M-C arrangement helps to move the output pulses from one period 
to the nearby period acquiring a 100% duty cycle, which has the same effect as the other 
channel in the classical two-channel CTS structure. The amplitudes of the output pulses 
are a little different, and the maximum difference is between the pulses at m1 and m2, 
which is about 5 percent difference. This is mainly caused by the non-ideal mixer in the 
simulation, which has different conversion loss for the different input frequencies. As the 
phase response of the time delay line is random, the system sensitivity of the TDS M-C 
arrangement is the same as that of the classical two-channel CTS structure. Figure 6 
shows the pulses at 13.34 µs from the classical two-channel CTS structure and the pulses 
at 23.34 µs from the TDS M-C arrangement. Both pulses have the shape of a sinc function, 
and the time widths of the pulses are the same, which virtually reflects the system’s fre-
quency resolution. 

  

(a) (b) 

Figure 5. Output pulses of the four input frequencies. (a) is compressed by the classical two-channel chirp transform 
spectrometer (CTS) structure; (b) is compressed by the TDS M-C arrangement. 
Figure 5. Output pulses of the four input frequencies. (a) is compressed by the classical two-channel chirp transform
spectrometer (CTS) structure; (b) is compressed by the TDS M-C arrangement.



Electronics 2021, 10, 65 8 of 13Electronics 2021, 10, 65 9 of 14 
 

 

  

(a) (b) 

Figure 6. Single pulse shape of the input frequency of 1.9 GHz. (a) is the pulse appearing at 13.338 µs from the classical 
two-channel CTS structure; (b) is the pulse appearing at the next period (23.338 µs) from the TDS M-C arrangement. 

4.2. Simulation of the FCS M-C Arrangement 
Another set of parameters of input signals was used in the simulation of the FCS 

M-C arrangement. The input stationary signal is with four frequencies of 1.8 GHz, 1.85 
GHz, 1.95 GHz and 2.15 GHz. The input signal to the LO port of the up-and-down con-
version mixer is a cosine signal with a frequency of 600 MHz, which is equal to the 
bandwidth of the modulated IF chirp signal. The simulation results are shown in Figure 
7. The time difference between the pulses appearing at m1 and m2 is 1.67 µs, which cor-
responds to the frequency difference (1 GHz) of the two input frequencies of 1.85 GHz 
and 1.95 GHz, considering the chirp rate of 60 MHz/µs. The amplitude difference comes 
from the conversion loss of the non-ideal mixer. It can be seen that there are three small 
pulses at the first 10 µs. These pulses result from the partial compression of the input 
frequencies of 1.85 GHz, 1.95 GHz and 2.15 GHz. This can be also explained by Equation 
(14). Figure 8 shows the output pulses appearing at 22.5 µs from the classical two-channel 
CTS structure and the FCS M-C arrangement. The amplitudes and time widths of the two 
pulses are almost the same, and this indicates that the frequency resolutions of the two 
methods are almost the same. 

  
(a) (b) 

Figure 7. Output pulses of the four input frequencies. (a) is compressed by the classical two-channel CTS structure; (b) is 
compressed by the FCS M-C arrangement. 

V
ou

t, 
V

Figure 6. Single pulse shape of the input frequency of 1.9 GHz. (a) is the pulse appearing at 13.338 µs from the classical
two-channel CTS structure; (b) is the pulse appearing at the next period (23.338 µs) from the TDS M-C arrangement.

4.2. Simulation of the FCS M-C Arrangement

Another set of parameters of input signals was used in the simulation of the FCS M-C
arrangement. The input stationary signal is with four frequencies of 1.8 GHz, 1.85 GHz,
1.95 GHz and 2.15 GHz. The input signal to the LO port of the up-and-down conversion
mixer is a cosine signal with a frequency of 600 MHz, which is equal to the bandwidth of the
modulated IF chirp signal. The simulation results are shown in Figure 7. The time difference
between the pulses appearing at m1 and m2 is 1.67 µs, which corresponds to the frequency
difference (1 GHz) of the two input frequencies of 1.85 GHz and 1.95 GHz, considering
the chirp rate of 60 MHz/µs. The amplitude difference comes from the conversion loss of
the non-ideal mixer. It can be seen that there are three small pulses at the first 10 µs. These
pulses result from the partial compression of the input frequencies of 1.85 GHz, 1.95 GHz
and 2.15 GHz. This can be also explained by Equation (14). Figure 8 shows the output
pulses appearing at 22.5 µs from the classical two-channel CTS structure and the FCS M-C
arrangement. The amplitudes and time widths of the two pulses are almost the same, and
this indicates that the frequency resolutions of the two methods are almost the same.
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Figure 8. Single pulse appearing at 22.5 µs compressed from the input frequency of 1.85 GHz. (a) is the pulse compressed
by the classical two-channel CTS structure; (b) is the pulse compressed by the FCS M-C arrangement.

5. Experiment and Analysis

Two experiments were conducted to validate the TDS M-C arrangement and the FCS
M-C arrangement individually. The expander chirp signal and the input signals were
both generated from the arbitrary waveform generator (AWG). Limited by the processing
difficulty and high manufacturing cost of the SAW filter, a s2p file was used as an alternative.
The IF chirp signal was sampled and stored using a digital phosphor oscilloscope (DPO),
and the final pulse compression was realized in MATLAB. The expander chirp signal
ranges from 2.5 GHz to 3.7 GHz with a time duration of 20 µs. The input signals are four
cosine signals with frequencies of 1.8 GHz, 1.9 GHz, 2.0 GHz and 2.1 GHz.

5.1. TDS M-C Arrangement Experiment

The experimental schematic diagram of the TDS M-C arrangement is shown in
Figure 9. In the TDS M-C arrangement experiment, the expander chirp signal and the
measured signals were both generated by AWG7082c (Tektronix, Beaverton, OR, USA).
After the mixer and the band-pass filter, the IF chirp signal was then divided into two
parts by a splitter. One was delayed for 10 µs and then combined with another part. The
time delay line was a 10 µs fiber delay line with a bandwidth from 0.7 GHz to 1.3 GHz
and a delay error less than 1%. The combined signal was then sampled and stored by the
DPO. Subsequently, the digital IF chirp signal was sent to MATLAB for the final pulse
compression.
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Figure 9. Experimental schematic diagram of the TDS M-C arrangement.

The output pulses are shown in Figure 10. Due to the different conversion loss of the
mixer, there are some differences between the amplitudes of the pulses in each period. The
entire amplitudes of the pulses between 20 µs to 30 µs are slightly smaller than the pulses
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between 10 µs to 20 µs. This is due to the insertion loss of the time delay line, which is
about 0.12 dB.
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5.2. FCS M-C Arrangement Experiment

The experiment circuit for the FCS M-C arrangement is shown in Figure 11. The
generation of the expander chirp signal, the measured frequencies and the modulated
procedure to obtain the IF chirp signal were the same as those of the TDS M-C arrangement
experiment. The main difference is that in the FCS M-C arrangement experiment, an
up-and-down conversion mixer was used to replace the time delay line. The added up-
and-down conversion mixer has a LO input with a fixed frequency of 600 MHz, which is
equal to the bandwidth of the IF chirp signal. The output IF chirp signal was also sampled
and stored by a DPO and then sent to MATLAB for the final pulse compression.
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The final output pulses are shown in Figure 12. It can be seen that the amplitudes of
pulses from the up-and-down conversion channel (channel 2) are much smaller than those
from channel 1, and the power differences range from 10.4 dB to 11.8 dB. This is mainly
caused by the conversion loss of mixer 2. The up-conversion loss and the down-conversion
loss of mixer 2 are shown in Figures 13 and 14. The average conversion loss of mixer 2 is
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about 9.3 dB, which is close to the power difference between the two channels. This fixed
power difference due to the conversion loss of mixer 2 can be compensated in the later
digital signal-processing procedure. Meanwhile, the insertion loss of the line, the splitter
and the combiner also have a slight influence on the amplitude accuracy of the output
pulses.
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The full-width half-maximum (FWHM) [12] method was used to retrieve the spectral
resolution of the TDS M-C arrangement and the FCS M-C arrangement. A high resolution
sampling rate of 10 kHz was used to locate the maximum and the neighbor half maximum
points from the output pulses. Then, the relative half-width half-maximum (HWHM) to
the left and right could be measured. The average value of the left and right HWHM is the
FWHM, which is the system’s spectral resolution. The calculated average FWHM widths
of the two novel arrangements are shown in Figure 15. The average FWHM widths of the
FCS M-C arrangement and the TDS M-C arrangement are about 91.5 kHz and 90.7 kHz,
respectively. They are both close to the maximum achievable spectral resolution (88 kHz)
of the M-C arrangement, which is defined by the compressor’s chirp length [12].
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6. Conclusions

The M(l)-C(s) arrangement is a classical structure for pulse compression and spectral
analysis of stationary signal. However, the system’s sensitivity is degraded when only
using one single M-C arrangement for pulse compression. The classical two-channel push-
pull CTS system with two M-C arrangements working alternately can improve the system’s
sensitivity. The only challenge is the match between the two channels, especially the match
between the two SAW filters, which affects the spectral performance. With the development
of the FCS M-C arrangement and the TDS M-C arrangement, which only include one M-C
arrangement, fewer devices are required, and the matching problem is avoided. The
simulation and experimental test demonstrate that these two novel arrangements can
achieve the same output pulses as the classical two-channel CTS structure and may have
potential application in spaceborne spectroscopy.
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