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Abstract: The dual transponder carrier ranging system, an enhancement over the dual one-way ranging system, provides high-
precision relative distance measurements without imposing stringent time synchronization requirements. However, a critical
limitation to its use in absolute distance measurement is the initial value change phenomenon, which manifests as abrupt
phase changes after every system restart. Through theoretical analysis, the root causes of this phenomenon are identified as a
fractional output-to-input frequency ratio in the frequency synthesizer and a non-integer coherent turnaround ratio. To validate
the theoretical analysis, simulations are conducted using Simulink, and experimental verification is performed on an S-band
and C-band hardware platform. Both simulation and experimental results demonstrate that configuring both ratios as integers
effectively suppresses these abrupt phase changes. These findings establish an integer-ratio design rule that is independent of
specific frequency plans, providing a general design guideline for coherent transponder ranging systems intended for absolute
distance measurement, as well as a reference for frequency planning in other absolute distance measurement systems of the
same kind.
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1 Introduction

The fundamental principle of radio ranging involves mea-
suring the time delay of a radio signal propagating from the
transmitter to the receiver and then multiplying this delay by
the propagation speed of the radio wave to obtain the dis-
tance. Common radio ranging techniques include side-tone
ranging, pseudorandom code ranging, and carrier phase rang-
ing. Among these, side-tone ranging employs multiple modu-
lation tones for distance estimation (Miesen et al., 2012; Liu
et al., 2017), typically achieving accuracy at the meter or
decimeter level (Liu et al., 2017). Pseudorandom code rang-
ing generally attains accuracy at the decimeter to centimeter
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level (Jin et al., 2017, 2020), which generally falls short of
the requirements for high-precision ranging applications. In
contrast, microwave carrier phase ranging uses phase informa-
tion of the carrier signal for distance measurement, achieving
significantly higher precision compared to both side-tone and
pseudorandom code methods (Xiang et al., 2019; Wang et al.,
2021; Müller et al., 2022). This technique has been widely
adopted in various fields, such as deep space ranging (Berner
and Bryant, 2002), telemetry (Kreng et al., 2007), and geodesy
(Pollinger et al., 2012).

A representative microwave carrier phase ranging tech-
nique is the dual one-way ranging (DOWR) system, which
suppresses oscillator noise effects by combining one-way range
measurements from two microwave units (Kim and Tapley,
2003). A notable implementation is the K-band and Ka-band
ranging system used in the gravity recovery and climate exper-
iment (GRACE) mission, commonly referred to as the KBR
system (Bertiger et al., 2002, 2003). This system uses K-band
and Ka-band carrier signals for relative distance measurement
and achieves ranging accuracy on the order of 10 μm (Kim and
Tapley, 2005).

Despite its high measurement accuracy, the performance
of the DOWR system critically depends on precise time
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synchronization between the master and slave units. Sig-
nificant clock offsets can severely degrade ranging accuracy
(Zhao MC et al., 2013). To alleviate the stringent time syn-
chronization requirements in the DOWR system, Kim and
Tapley (2005) proposed an optimized frequency configuration
scheme at the expense of increased hardware complexity and
cost. Furthermore, the DOWR system is incapable of deliver-
ing real-time distance measurements. Data collected at both
units must be transferred to a central processing unit for joint
and computationally intensive post-processing before the final
range information can be obtained.

Building upon the foundational framework of the DOWR
system and the unified S-band (USB) system (Hood, 1965),
Zhao XY et al. (2009) proposed a dual transponder carrier
ranging system to overcome inherent limitations such as strin-
gent time synchronization requirements and the lack of real-
time data processing capabilities. In contrast to the DOWR
system, the proposed system maintains the advantage of sup-
pressing oscillator noise effects, while eliminating the require-
ments for time synchronization and computationally intensive
post-processing to derive distance measurements. The key
distinction between the two systems lies in their operational
principles: whereas the DOWR system requires the master and
slave units to simultaneously and independently transmit and
receive signals (Kim and Tapley, 2003), the dual transponder
system operates by having the slave unit coherently retransmit
a regenerated version of the signal received from the master
unit (Zhao XY et al., 2009).

The dual transponder carrier ranging system was origi-
nally designed for relative distance measurement (i.e., Doppler
velocity measurement or range variation measurement), and
has been proven to offer exceptionally high precision (Zhao MC
et al., 2013). However, when its application scope is extended
from relative distance measurement to absolute distance mea-
surement, an initial value change phenomenon emerges. This
issue severely constrains the broader application of the dual
transponder carrier ranging system. This paper aims to an-
alyze the underlying causes of the initial value change phe-
nomenon and propose corresponding solutions, thereby en-
abling stable application of the dual transponder carrier rang-
ing system to absolute distance measurement.

2 Measurement principle and initial value
change phenomenon in the dual transponder
carrier ranging system

The dual transponder carrier ranging system measures
the distance by extracting the carrier phase difference. Fig. 1
illustrates the phase transfer mechanism within the system,
under the assumption of equal signal propagation time for
both forward (master to slave) and return (slave to master)
paths.

In this system, the phase difference of a single-frequency
carrier at the nominal time t can be expressed as

Θ(t) = ϕref(t)− ϕr
m(t) + E, (1)

where ϕref(t) denotes the reference carrier phase at the master
unit, ϕr

m(t) represents the received carrier phase at the master
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t

Fig. 1 Phase transfer in the dual transponder carrier rang-
ing system

unit, and E encompasses integer ambiguity and measurement
noise.

The received carrier phase can be expressed in terms of
the transmitted carrier phase. Therefore, the received carrier
phases at the master and slave units can be respectively given
by {

ϕr
m(t) = ϕt

s(t− τ ),

ϕr
s(t− τ ) = ϕt

m(t− 2τ ),
(2)

where τ denotes the time of flight of the carrier signal from the
master to the slave unit, ϕt

s and ϕt
m denote the transmitted

carrier phase at the slave and master units respectively, and
ϕr

s denotes the received carrier phase at the slave unit.
Furthermore, the signal transmitted by the slave unit is a

coherent turnaround version of its received signal, maintaining
phase synchronization during retransmission. Let k be the
coherent turnaround ratio, defined as the ratio between the
phase of the slave’s transmitted signal and the phase of its
received signal. Similarly, the reference phase at the master
unit is synchronized with its transmitted signal phase, sharing
the same proportionality constant k (Zhao XY et al., 2009):{

ϕt
s(t− τ ) = kϕr

s(t− τ ),

ϕref(t) = kϕt
m(t).

(3)

Substituting Eqs. (2) and (3) into Eq. (1) yields the
expression:

Θ(t) = kϕt
m(t)− kϕt

m(t− 2τ ) + E

= 4kπfmτ + E

= 4πfsτ + E,

(4)

where fm represents the carrier frequency of the signal trans-
mitted by the master unit, fs denotes the carrier frequency of
the signal transmitted by the slave unit, and fs = kfm.

Multiplying the phase difference measurement Θ(t) by the
equivalent wavelength λ gives the distance R(t) between the
master and slave units:

R(t) ≡ λΘ(t), (5)

where λ = c/(4kπfm) with c denoting the light speed.
When the dual transponder carrier ranging system is ap-

plied to absolute distance measurement, the measured value
should remain constant provided that the distance between
the master and slave units is kept unchanged and that both
the system and its operating environment remain unchanged.
Based on this principle, we conduct an experiment in which
the system is used for absolute distance measurement.

It is important to note that in practical implementations
of a radio frequency (RF) system, the selection of forward
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and return link frequencies is often dictated by external con-
straints such as spectrum allocation policies of the Interna-
tional Telecommunication Union (ITU), mission-specific fre-
quency plans, and established engineering conventions. A
prominent example is the 240/221 turnaround ratio adopted
by the USB system since the Apollo program, which is formally
specified as a recommended turnaround ratio in the Consul-
tative Committee for Space Data Systems (CCSDS) radio fre-
quency and modulation systems standards (e.g., CCSDS 401.0-
B-32). In accordance with this convention, the dual transpon-
der carrier ranging system adopts the S-band turnaround ratio
of 240/221 recommended by the CCSDS. In addition, the fre-
quency reference of the system is an oven-controlled crystal
oscillator (OCXO). The detailed system parameters are listed
in Table 1.

Table 1 S-band parameter configuration

Parameter Value

Frequency of the OCXO (MHz) 40.0

System forward frequency (MHz) 2165.8

System return frequency (MHz) 2352.0

Coherent turnaround ratio 240/221

With the system and its operating environment kept un-
changed, the system is reset or restarted multiple times. The
measured distance values are presented in Fig. 2, where it is
clearly observable that they undergo multiple discrete changes.
After repeated experiments, the phenomenon can be summa-
rized as follows: even without any modifications to the software
or hardware platform, the measured value may exhibit a dis-
crete change following a software reset or a hardware power
cycle. The initial value change phenomenon makes it diffi-
cult to apply the dual transponder carrier ranging system to
absolute distance measurement, limiting its application to rel-
ative distance measurement only and significantly hindering
its broader adoption. Therefore, it is necessary to analyze the
underlying mechanism of this phenomenon and to develop an
effective mitigation strategy.

0 100 200 300 400
Time s

500 600 700 800

D
is

ta
nc

e
m

m

0

5

10

15

20

25
Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 Expt. 6 Expt. 7 Expt. 8

Fig. 2 Initial value changes (Expt.: experiment)

3 Theoretical analysis of the source and
resolution of the initial value changes

According to Eq. (5), the distance measurement in the
dual transponder carrier ranging system is derived from the
phase difference between the master and slave units. An abrupt

change in the measured distance after system restart implies a
corresponding discontinuity in this phase difference. Therefore,
analysis of the initial value change phenomenon requires a
detailed examination of the phase measurement transmission
process between the master and slave units to pinpoint the
specific stage at which such an abrupt phase change occurs.

As shown in Fig. 3, the carrier signal processing in both
master and slave units of the dual transponder carrier rang-
ing system can be divided into analog and digital sections.
The analog processing stage includes frequency synthesis, mix-
ing, filtering, and amplification. The digital processing stage
comprises analog-to-digital (A/D) conversion, digital mixing,
digital filtering, digital phase locking, and digital-to-analog
(D/A) conversion. Additionally, the slave unit incorporates
a coherent turnaround module, which receives the signal from
the master unit and retransmits it in a phase-coherent manner.
It is therefore necessary to examine the above stages to analyze
the root causes of the initial value change phenomenon and to
propose effective solutions.

3.1 Mixing

3.1.1 Analog mixer

In the analog processing section, the mixing function is
implemented using mixers. Based on power supply require-
ments, mixers can be classified into two categories: passive
mixers and active mixers. Passive mixers typically employ
Schottky diodes (Araki and Hirayama, 1971) or field-effect
transistors operating in the linear region as the mixing ele-
ments, whereas active mixers use bipolar junction transistors
and field-effect transistors operating in the saturation region
as their core components, the most representative of which is
the Gilbert cell mixer structure (Gilbert, 1968; Sandalci and
Kiaei, 1998). The fundamental principle of a mixer is the use
of nonlinear devices (such as the exponential current–voltage
characteristic of a diode or the square-law characteristic of a
transistor) or time-varying switches to shift signals in the fre-
quency domain. Mathematically, this operation corresponds
to the multiplication of two signals in the time domain. The
transmission delay introduced by the mixer is an intrinsic phase
delay determined jointly by the physical delay of the internal
diodes or transistors and the impedance matching network.
Under ideal conditions, this delay is constant. In practical
applications, the delay may vary with factors such as changes
in the local oscillator (LO) signal power or ambient temper-
ature; however, such variations are continuous and do not
cause abrupt changes in the phase measurement after a system
restart. Therefore, the phase delay introduced by the mixer
does not contribute to the initial value change phenomenon.

3.1.2 Digital mixer

The digital mixer is implemented within the field-
programmable gate array (FPGA). The local oscillator signal
is generated by the Coordinate Rotation Digital Computer
(CORDIC) algorithm, and the mixing process is performed by
a digital multiplier. The entire process operates in a pipelined
manner, and the input-to-output delay introduced by this pro-
cess corresponds to a fixed number of pipeline clock cycles;
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Fig. 3 Hardware architecture of the dual transponder carrier ranging system

therefore, the resulting phase difference is determined solely
by the frequency of the driving clock. Since the module driv-
ing clock of the FPGA is traceable back to an external crystal
oscillator, the phase difference introduced by the digital mixer
may also be affected by the frequency drift of the crystal oscilla-
tor. However, this influence is slight and continuous, and does
not cause abrupt phase changes after a system restart. Con-
sequently, the phase difference introduced by the digital mixer
does not contribute to the initial value change phenomenon.

3.2 Filtering

3.2.1 Analog filter

Analog filtering is performed by RF filters. Commonly
used filters include surface acoustic wave (SAW) filters and
cavity filters. The core function of these filters is to selec-
tively transmit or suppress signals within a specific frequency
range by means of specific structural designs. Typically, the
frequency response of a filter can be expressed as the product
of its magnitude–frequency response |H(jω)| and its phase–
frequency response Φ(ω):

H(jω) = |H(jω)|ejΦ(ω), (6)

where |H(jω)| determines the filter’s ability to attenuate or
amplify signal energy at different frequencies, which serves as
the basis for achieving frequency selectivity (e.g., low-pass,
high-pass, band-pass, and band-stop), Φ(ω) determines the
phase delay accumulated by the signal as it traverses the filter
network, and ω is the analog angular frequency.

For a single-frequency carrier input signal with an angular
frequency of ω0, the phase–frequency response introduced by
the filter is Φ(ω0). In practice, factors such as crystal oscillator
phase noise and aging can cause a frequency offset δω0 in the in-
put signal, which in turn changes the phase–frequency response
introduced by the filter from Φ(ω0) to Φ(ω0 + δω0). Moreover,
variations in operating temperature can lead to changes in the

material properties and structure of the filter, resulting in a
temperature drift of its frequency response (Keats et al., 2003;
Djerafi et al., 2012; Ruby et al., 2021); this also causes a drift
in the phase difference introduced by the filter. However, both
the frequency offset and temperature drift are continuous in
nature and do not cause abrupt changes in the phase differ-
ence after a system restart. Therefore, the transmission delay
introduced by the filter does not contribute to the initial value
change phenomenon.

3.2.2 Digital filter

A digital filter is a mathematical algorithm system that
operates in the discrete-time domain. In essence, it performs
high-speed multiply–accumulate operations on sampled and
quantized digital sequences using a microprocessor, a digital
signal processor (DSP), or an FPGA. The transfer function
H(z) of such a system can be expressed as

H(z) =
Y (z)

X(z)
=

∑Lnum
k=0 bkz

−k

1 +
∑Lden

k=1 akz−k
, (7)

where X(z) and Y (z) denote the Z-transforms of the input and
output digital signals, respectively, z is the complex variable in
the Z-transform, bk and ak are the feedforward and feedback
coefficients of the digital filter, and Lnum and Lden are the
feedforward and feedback orders of the filter, respectively. The
frequency response of this discrete-time system can be written
as

H(ejΩ) = |H(ejΩ)|ejφ(Ω), (8)

where |H(ejΩ)| denotes the magnitude–frequency response of
the digital filter, φ(Ω) denotes its phase–frequency response,
and Ω is the normalized digital angular frequency, defined as
the product of the analog angular frequency ω and the sampling
period Ts, i.e.,

Ω = ωTs = 2π
f

fsam
, (9)
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with f being the analog signal frequency and fsam the sampling
frequency.

For a digital filter that has been completely designed and
fixed (i.e., its order, coefficients, and internal topology are no
longer subject to change), its phase–frequency response φ(Ω)

is a fully determined mathematical function. Suppose that the
single-frequency carrier signal passing through the digital filter
is expressed as

x(ns) = A cos(Ωcns + φ0), (10)

where A is the amplitude of the input signal, ns is an integer
denoting the index of a sample point in the discrete sequence
x(ns), Ωc is the normalized digital angular frequency of the in-
put signal, given by Ωc = 2πfc/fsam, and φ0 is the initial phase
of the input signal. In this case, the phase–frequency response
of the digital filter corresponding to this carrier frequency is
φ(Ωc). Since the structure of the digital filter is fixed, the only
factor that can cause a change in the phase–frequency response
is a variation in the normalized digital angular frequency Ωc

of the carrier signal. When the actual carrier frequency fc

deviates from its nominal value due to temperature effects or
the aging of the crystal oscillator, or when the clock signal
driving the analog-to-digital converter (ADC) exhibits phase
noise or jitter, the actual sampling interval Ts may undergo
slight fluctuations. This results in a small offset ΔΩc in Ωc,
thus causing the phase–frequency response of the digital filter
to change from φ(Ωc) to φ(Ωc+ΔΩc). However, the frequency
drift of the crystal oscillator is slow, and the carrier frequency
normally lies within the flat passband of the digital filter; there-
fore, the variation of φ(Ωc) is continuous and minute, and does
not cause abrupt phase changes after a system restart. Con-
sequently, the phase difference introduced by the digital filter
does not contribute to the initial value change phenomenon.

3.3 Amplification

In RF circuits, signal amplification is performed by power
amplifiers (PAs) and low-noise amplifiers (LNAs). PA is typ-
ically located at the final stage of the transmitter chain and
is responsible for boosting the transmit power. LNA, on the
other hand, is placed at the front end of the receiver chain,
where it amplifies weak signals while minimizing the introduc-
tion of additional noise. The core function of an amplifier is
to increase the amplitude of the input signal by exploiting the
gain characteristics of active devices, such as transistors.

3.3.1 Power amplifier

PA is one of the most significant nonlinear devices in wire-
less communication systems. In practical applications, PAs are
typically operated near their saturation point to maximize effi-
ciency. Since the active devices that constitute a PA inherently
exhibit nonlinear characteristics, PAs inevitably display vari-
ous types of nonlinear behavior to varying degrees. Such non-
linear behavior commonly manifests as amplitude and phase
distortions caused by the gain nonlinearity of the amplifier,
i.e., AM–AM distortion and AM–PM distortion (Quindroit
et al., 2024). AM is short for amplitude modulation and PM
is short for phase modulation. A classic behavioral model for
describing the nonlinear characteristics of PAs is the Saleh

model proposed by Saleh (1981). The Saleh model is a sim-
ple static nonlinear model, and its description of the AM–PM
characteristics of a PA is given by

φ[r(t)] =
αφr

2(t)

1 + βφr2(t)
, (11)

where φ[r(t)] denotes the phase shift introduced by the PA,
r(t) denotes the amplitude of the input signal to the PA, and
αφ and βφ are empirically fitted parameters. From Eq. (11), it
can be seen that the phase shift φ[r(t)] introduced by the PA is
a continuous function of the input signal amplitude r(t). When
the input signal amplitude varies, the phase shift introduced by
the PA also changes accordingly. In the experiment described
in Section 2, the amplitude of the input signal to the PA
remains stable and therefore does not introduce significant
phase shift variations, let alone cause abrupt phase changes
after a system restart.

3.3.2 Low-noise amplifier

Like PA, LNA is also an active device with nonlinear
characteristics. However, since LNAs typically process weak
signals, they normally operate in the linear or quasi-linear re-
gion and therefore exhibit relatively weak nonlinear behaviors.
Furthermore, when the dual transponder carrier ranging sys-
tem performs stationary measurements, the amplitude of the
input signal to the LNA remains stable. Under such condi-
tions, the phase shift introduced by the LNA is also relatively
stable and does not cause abrupt phase changes after a system
restart.

3.4 A/D conversion and D/A conversion

3.4.1 A/D conversion

The A/D conversion function is typically implemented
by an ADC, which is an electronic device that converts a
continuous-time and continuous-amplitude analog signal into
a discrete-time and discrete-amplitude digital signal. The total
latency of an ADC, denoted as tLAT, refers to the time interval
between the instant at which the analog input is sampled and
the instant at which the corresponding digital signal appears
at the output. In general, the total latency of an ADC can be
expressed as follows:

tLAT = tCT + tOD − tAD, (12)

where tCT is the conversion latency, which reflects the time
required from the analog signal input to the completion of
conversion and encoding; tOD is the output latency, which rep-
resents the overall analog delay of the ADC from the sampling
clock edge to the appearance of the digital signal at the output,
and tAD is the aperture latency.

The conversion latency tCT of an ADC is typically mea-
sured in number of sampling clock cycles. This value is clearly
specified in the device datasheet and is a fixed constant. There-
fore, the conversion latency depends solely on the sampling
clock frequency. Since the sampling clock ultimately origi-
nates from an external crystal oscillator, frequency drift of the
crystal oscillator may cause a drift in the sampling clock fre-
quency, which in turn leads to a variation in the conversion
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latency tCT and ultimately results in a drift of the phase dif-
ference experienced by the signal passing through the ADC.
However, this drift is continuous and does not cause abrupt
phase changes after a system restart. The output latency tOD

is influenced by factors such as process conditions, the supply
voltage of the digital pins, and the load capacitance. This
parameter is normally fixed and does not cause jumps in the
total ADC latency. The aperture latency tAD is also typically
a fixed value and is explicitly specified in the datasheet. Due
to internal noise within the ADC, the aperture latency tAD

may exhibit minute random jitter; this jitter is referred to
as aperture jitter. However, this jitter primarily affects the
signal-to-noise ratio of the sampled signal and does not exert a
significant influence on the signal propagation delay introduced
by the ADC. Therefore, the propagation delay introduced by
the ADC does not cause abrupt phase changes after a system
restart.

3.4.2 D/A conversion

A digital-to-analog converter (DAC) is the electronic com-
ponent that converts a discrete-time and discrete-amplitude
digital signal into a continuous-time and continuous-amplitude
analog signal. The core function of a DAC is to realize the con-
version from digital signals to analog signals through processes
such as interpolation and filtering. The phase difference in-
troduced by the DAC also stems from the processing delays
within its internal circuitry, including the inherent delay char-
acteristics of the digital input interface, interpolation filter,
and output buffer circuit. These delays are typically either
fixed or slowly varying and do not cause abrupt phase changes
after a system restart.

3.5 Frequency synthesizer

In the dual transponder carrier ranging system, an
integer-N frequency synthesizer chip is employed to gener-
ate the carrier signals. The core component of a frequency
synthesizer is a phase-locked loop (PLL) module containing a
frequency divider, and its functional block diagram is shown
in Fig. 4.

Reference
divider

Loop filter

Feedback divider

Phase
frequency
detector

PFD LP
Voltage-

controlled
oscillator

�N

�M

S tosc S tLO

Fig. 4 Functional block diagram of the integer-N frequency
synthesizer

The input to the frequency synthesizer is a signal provided
by a crystal oscillator, expressed as

Sosc(t) = sin(2πfosct+ θosc), (13)

where fosc denotes the frequency of the crystal oscillator’s
output signal, and θosc represents its initial phase. The output
of the frequency synthesizer is given by

SLO(t) = sin(2πfLOt+ θLO), (14)

where fLO denotes the frequency of the frequency synthesizer’s
output signal, and θLO represents its initial phase. Theoret-
ically, the input–output relationship of the frequency synthe-
sizer can be described as

SLO(t) = sin

[
fLO

fosc
(2πfosct+ θosc)

]

= sin

[
M

N
(2πfosct+ θosc)

]
,

(15)

where
M

N
=

fLO

fosc
, (16)

M and N are positive integers, and M/N is an irreducible
fraction. Although both M and N are integers, the ratio M/N

is not necessarily an integer.
However, in practice, due to the periodic nature of the

input signal, as well as the uncertain initial conditions and lock
time of the PLL, the signal actually tracked by the PLL is not
the ideal waveform sin(2πfosct+ θosc) but rather sin(2πfosct+
2nπ+θosc), where n is an integer. Therefore, the actual output
signal becomes

SLO(t) = sin

[
M

N
(2πfosct+ 2nπ+ θosc)

]
, (17)

with the initial phase expressed as

θLO =
M

N
(2nπ+ θosc). (18)

Owing to the uncertainty in the initial condition and lock
time of the PLL, the value of n may change upon each reini-
tialization of the frequency synthesizer.

When N = 1, the term 2nπM/N becomes an integer
multiple of 2π, which can be omitted regardless of the value of
n. Therefore, the initial phase simplifies to

θLO ≡ M

N
θosc. (19)

Under this condition, the actual output signal described
by Eq. (17) matches the ideal output signal specified in
Eq. (15), and no abrupt initial phase change occurs.

However, when N �= 1, Eq. (19) no longer holds. Dif-
ferent values of n produce distinct initial phases θLO, leading
to abrupt phase changes when the frequency synthesizer is
reinitialized. Under this condition, the initial phase θLO may
assume N distinct values, which decrease sequentially by 2π/N

from the largest to the smallest.
Therefore, in practical applications, to prevent abrupt

initial phase changes induced by the frequency synthesizer,
the output signal frequency should be configured as an integer
multiple of the input signal frequency.

3.6 Digital phase-locked loop and coherent
turnaround

The digital phase-locked loop (DPLL) is implemented
within the FPGA. The master DPLL locks onto the carrier
phase difference at zero frequency, while the slave DPLL tracks
the carrier frequency offset resulting from the crystal oscillator
frequency deviation between the master and slave units. Both
the master and slave DPLLs achieve 1 : 1 phase locking in the
digital domain.
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The phase difference obtained by the master DPLL is
directly used for distance computation and does not intro-
duce phase changes. In contrast, the carrier frequency off-
set acquired by the slave DPLL is multiplied by the coherent
turnaround ratio k and then applied to the slave transmitted
carrier to maintain coherence between the transmitted and re-
ceived signals. Consequently, the slave DPLL combined with
the coherent turnaround module is functionally equivalent to a
DPLL that contains a frequency divider. Under this condition,
the input signal to this module can be expressed as

Si(t) = sin(2πfit+ θi), (20)

where fi represents the frequency of the input signal, and θi

denotes its initial phase. The output signal of this module is
given by

So(t) = sin(2πfot+ θo), (21)

where fo and θo denote the frequency and initial phase of the
output signal, respectively.

The ideal output signal of this module can be expressed
as

So(t) = sin [k(2πfit+ θi)] . (22)

However, based on the analysis in Section 3.5, the actual
output signal is

So(t) = sin [k(2πfit+ 2nπ+ θi)] , (23)

with the initial phase described as

θo = k(2nπ + θi). (24)

Based on the analysis in Section 3.5, when the coherent
turnaround ratio k is a positive integer, the term k ·2nπ consti-
tutes an integer multiple of 2π and can be omitted regardless
of the value of n. In this case, the actual output signal matches
the ideal output signal, and no phase change occurs. However,
when k is a non-integer, the term k · 2nπ cannot be omitted.
Variations in n will lead to corresponding changes in the phase
of the actual output signal. Assuming that

k =
P

Q
, (25)

where both P and Q are positive integers and P/Q is irre-
ducible. Under these conditions, the initial phase θo may
assume Q distinct values, and these Q values decrease sequen-
tially by 2π/Q from the largest to the smallest.

Therefore, in practical applications, to prevent phase
changes induced by coherent turnaround, the carrier frequency
of the slave unit should be configured as an integer multiple of
the master’s transmitted carrier frequency.

4 Simulations of abrupt phase changes in the
dual transponder carrier ranging system

To validate the analysis and solution for abrupt phase
changes presented in Section 3, a parameter-configurable sim-
ulation model is built in Simulink, as illustrated in Fig. 5, and
multiple simulation runs are conducted.

In the simulation architecture, M-CLKGEN represents
the master clock generation module, while S-CLKGEN corre-
sponds to the slave clock generation module. These modules
generate the original sinusoidal clock signals and the square-
wave clocks required by the digital processing units in the
transceivers. M-TX denotes the master transmitter module,
while S-TX refers to the slave transmitter module. Both mod-
ules generate digital intermediate frequency (IF) signals and
analog LO signals, which are upconverted to RF. Additionally,
S-TX incorporates a coherent turnaround module. M-RX in-
dicates the master receiver module, and S-RX represents the
slave receiver module. These modules downconvert the re-
ceived analog signals to IF, digitize them, and then deliver the
resulting digital signals to the DPLL for phase tracking.

4.1 Abrupt phase changes induced by frequency
synthesizers

To validate the analysis in Section 3.5, the output-to-
input frequency ratio of the frequency synthesizer is set to 10.8,
while the coherent turnaround ratio is maintained at 2. A total
of 100 simulations are conducted, and after each simulation,

Fig. 5 Schematic diagram of the Simulink simulation model (MENA: master-enable; SENA: slave-enable)
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the system is restarted for the next one. Fig. 6 displays the
phase data collected during the first seven simulations. As
shown, the stabilized initial phase values after each restart are
inconsistent.
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Fig. 6 Simulation results of the fractional output-
to-input frequency ratio of the frequency synthesizer
(Sim.: simulation)

The average phase value is computed for each simulation,
and the results from all 100 simulation runs are summarized in
Table 2. The simulation results converge to five distinct phase
values, which increase sequentially by 2π/5 from the smallest
to the largest. This discrete distribution aligns precisely with
the theoretical predictions presented in Section 3.5.

Table 2 Simulation results of the fractional output-to-input
frequency ratio of the frequency synthesizer

Average phase (rad) Number of occurrences

0.52±0.01 14

1.78±0.01 20

3.03±0.01 21

4.29±0.01 21

5.55±0.01 24

4.2 Abrupt phase changes induced by coherent
turnaround

To validate the analysis in Section 3.6, the output-to-
input frequency ratio of the frequency synthesizer is set to a
positive integer, while the coherent turnaround ratio is con-
figured as 1.6. A total of 100 simulations are conducted, and
after each simulation, the system is restarted for the next one.
Fig. 7 shows the phase data obtained from the first seven sim-
ulations. As shown, the stabilized initial phase values after
each restart are inconsistent.

The average phase value is computed for each simulation,
and the results from all 100 simulation runs are summarized
in Table 3. The simulation results exhibit five distinct phase
values, which increase sequentially by 2π/5 from the smallest
to the largest. This behavior is consistent with the theoretical
analysis provided in Section 3.6.

5 Experiments on abrupt phase changes in the
dual transponder carrier ranging system

To validate the theoretical analysis presented in Section 3
and the simulation results from Section 4, an experimental
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Fig. 7 Simulation results of the fractional coherent
turnaround ratio

Table 3 Simulation results of the fractional coherent
turnaround ratio

Average phase (rad) Number of occurrences

0.45±0.01 21

1.71±0.01 13

2.97±0.01 26

4.22±0.01 22

5.48±0.01 18

platform for the dual transponder carrier ranging system is
constructed, as illustrated in Fig. 8. The platform uses an
OCXO to supply the reference clock signal. The transceiver
modules on the ranging boards operate within the S-band;
hence, the forward signal is transmitted in the S-band. By em-
ploying external frequency synthesizers and mixers, the return
signal is upconverted to the C-band. Except for differences
in transmission/reception frequencies and their associated pe-
ripheral circuits (e.g., filters), the hardware configurations of
the master and slave units are identical.

OCXO

Ranging board

Frequency synthesizer

Fig. 8 Experimental platform

5.1 Abrupt phase changes induced by frequency
synthesizers

To verify the abrupt phase changes induced by a frac-
tional output-to-input frequency ratio in the frequency syn-
thesizer, the output-to-input frequency ratio of the frequency
synthesizer is set to a non-integer value, while the coherent
turnaround ratio is configured as an integer. The specific
parameter configuration of the experimental platform is sum-
marized in Table 4.

After the hardware reaches full thermal stability, the ex-
ternal frequency synthesizers of both the master and slave units
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Table 4 System parameter configuration for a frac-
tional output-to-input frequency ratio of the frequency
synthesizer

Parameter Value

Frequency of the OCXO (MHz) 10

System forward frequency (MHz) 2166

System return frequency (MHz) 6498

Output frequency of the frequency
synthesizer (MHz)

4146

Output-to-input frequency ratio of the
frequency synthesizer

414.6

Coherent turnaround ratio 3

are reset multiple times, and the phase data are recorded. Since
integer phase ambiguity is not resolved in the experiment, all
phase results are constrained to the interval [0, 2π). Fig. 9
displays the phase measurement results. The abrupt phase
changes observed after each frequency synthesizer restart cor-
respond to transitions among five distinct values, which de-
crease sequentially by 2π/5 from the largest to the smallest.
This behavior is consistent with the theoretical analysis in Sec-
tion 3.5 and aligns with the simulation results in Section 4.1.
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Fig. 9 Experimental results of the fractional output-to-
input frequency ratio of the frequency synthesizer

5.2 Abrupt phase changes induced by coherent
turnaround

To examine abrupt phase changes caused by a fractional
coherent turnaround ratio, the coherent turnaround ratio is
set to a non-integer value, while the output-to-input frequency
ratio of the frequency synthesizer is configured as an integer in
this experiment. The specific parameter configuration of the
experimental platform is summarized in Table 5.

After the hardware is fully warmed up, the master and
slave units are reset multiple times, and the phase data are

Table 5 System parameter configuration for a fractional
coherent turnaround ratio

Parameter Value

Frequency of the OCXO (MHz) 10

System forward frequency (MHz) 2160

System return frequency (MHz) 5940

Output frequency of the frequency
synthesizer (MHz)

3590

Output-to-input frequency ratio of the
frequency synthesizer

359

Coherent turnaround ratio 2.75

recorded. Since integer phase ambiguity is not resolved in the
experiment, all phase results are constrained to the interval
[0, 2π). Fig. 10 displays the phase measurement results. The
abrupt phase changes observed upon system restart correspond
to changes among four distinct values, which decrease sequen-
tially by 2π/4 from the largest to the smallest. This result
aligns with the theoretical analysis provided in Section 3.6 and
agrees with the simulation results in Section 4.2.
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Fig. 10 Experimental results of the fractional coherent
turnaround ratio

5.3 Suppression of abrupt phase changes

To validate the solution proposed in Section 3 for address-
ing the abrupt phase change issue, an experimental scheme for
abrupt phase change suppression is designed, in which the
coherent turnaround ratio and the output-to-input frequency
ratio of the frequency synthesizer are configured as integers.
The specific parameter configuration of the experimental plat-
form is summarized in Table 6.

Table 6 System parameter configuration for suppression of
initial value changes

Parameter Value

Frequency of the OCXO (MHz) 10

System forward frequency (MHz) 2160

System return frequency (MHz) 6480

Output frequency of the frequency
synthesizer (MHz)

4130

Output-to-input frequency ratio of the
frequency synthesizer

413

Coherent turnaround ratio 3

Nine independent system restart tests are performed. For
each test, the master unit, slave unit, or frequency synthesizer
is reset, and the phase data are recorded after the hardware
reaches thermal stability. Since integer phase ambiguity is not
resolved in the experiment, all phase results are constrained
to the interval [0, 2π). Fig. 11 displays the phase and distance
measurement results. After the steady-state data from each
independent test are averaged, the statistical results are as
follows: the standard deviation of the nine averaged phase
values is 0.0101 rad, corresponding to a distance standard
deviation of 0.0373 mm; the peak-to-peak variation of the nine
averaged phase values is 0.0277 rad, corresponding to a peak-
to-peak distance of 0.1019 mm. In stark contrast, the initial
phase changes observed in Figs. 9 and 10 (where no suppression
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Fig. 11 Suppression of the initial value changes: (a) phase;
(b) distance

is applied) exhibit variations of no less than 2π/5 and 2π/4,
respectively, corresponding to distance changes of 4.6136 mm
and 6.3087 mm.

The above results indicate that the deterministic and
large-magnitude initial phase changes caused by system
restarts have been effectively eliminated. The remaining phase
fluctuations are attributed to stochastic noise, which is primar-
ily induced by factors such as the phase noise of the crystal
oscillator and the thermal noise of the receiver. Critically, these
fluctuations no longer contain discrete change components
caused by the frequency synthesizer or coherent turnaround,
confirming the effectiveness of the proposed solution as ana-
lyzed in Section 3.

6 Conclusions

In this paper, a detailed theoretical analysis reveals that
the fractional output-to-input frequency ratio and the non-
integer coherent turnaround ratio are the primary causes of
the initial value changes in the dual transponder carrier rang-
ing system, and corresponding solutions are proposed. Fur-
thermore, the theoretical analysis elucidates the quantitative
relationship between the number of discrete initial values and
these ratios. Simulation results confirm that the change of
the initial value upon system restart is discrete, fluctuating
strictly within a set of fixed values, which aligns perfectly with
the theoretical analysis. The effectiveness of the proposed
method for suppressing the initial value changes is experi-
mentally validated; specifically, configuring both the output-
to-input frequency ratio of the frequency synthesizer and the
coherent turnaround ratio as integers effectively suppresses this
change. This suppression enables stable and repeatable abso-
lute distance measurements, significantly enhancing the sys-
tem’s practical viability in high-precision ranging applications.
Moreover, the analysis presented in this study can serve as a

valuable reference for frequency planning of similar absolute
distance measurement systems in the future.
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