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Abstract: We propose and experimentally demonstrate an approach to carrier frequency
and phase recovery of a microwave photonic signal based on carrier period measurement
(CPM). In the approach, a coarse carrier frequency offset (CFO) estimation is first performed,
which is realized by measuring the crossing period of the microwave signal with its mean
level. Then, an envelope detection method is used to simultaneously estimate the residual
CFO and the carrier phase. Through the two steps, wideband and high-accuracy carrier
recovery can be realized. The proposed approach is validated by an experiment. Effective
carrier recovery of a microwave photonic signal is achieved with a carrier frequency varying
from 7 to 37 GHz carrying a 2-Gbaud ON–OFF-keying or quadrature phase shift keying
baseband signal. The CFO estimation range is from −21 to +9 GHz, and the CFO estimation
errors are less than 0.1 MHz.

Index Terms: Carrier recovery, carrier period measurement, microwave photonics, digital
signal processing.

1. Introduction
Microwave photonics has been extensively studied and found wide applications in microwave and
optical systems [1], [2]. Among the numerous photonics-assisted microwave generation methods
[2]–[6], optical heterodyne detection [3], [4] is a solution that exhibits low complexity and high ca-
pability in generating an ultra-high-frequency microwave signal, with its frequency determined by
the wavelength spacing between two optical waves. For such a generation method using two free
running laser sources, an important issue is the random carrier frequency offset (CFO) and phase
noise in the generated microwave signal, which will deteriorate the performance of a microwave sys-
tem using the generated microwave source. To precisely recover the baseband data, an approach
to accurately recover the microwave carrier frequency and phase is highly needed.
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Some carrier recovery methods have been proposed and demonstrated in microwave photonic
systems, including M-th power algorithms [7]–[10], phase-locked loops (PLLs) [2], [10]–[12], RF-
pilot aided algorithms [12]–[15], and others [16]–[20]. In an M-th power algorithm, CFO estimation
is performed by applying nonlinear power operations to a microwave signal to estimate its carrier.
The major limitation of the approach is that it is modulation format dependent [21], and the CFO
estimation range is limited to ±R s/M [22], where R s is the symbol rate. A phase-locked loop (PLL)
can be employed to track the carrier phase that is slowly varying. A commercially available laser
source, however, usually exhibits a wide linewidth and correspondingly a fast-changing phase
noise [2], [23], which requires the PLL to have an ultra-short loop. An RF-pilot aided algorithm
employs a narrow-band filter to extract the microwave carrier, while the CFO estimation range is
limited to the filter bandwidth [24], [25]. Therefore, the applications of these methods [2], [7]–[20]
may be limited by the relatively small CFO estimation range. A wideband carrier recovery method
can recover different microwave frequencies through the same implementation; it is a general
solution to carrier frequency recovery problems and may be desired in various microwave photonic
systems operating at different microwave frequencies. However, no approach to carrier frequency
and phase recovery of a microwave photonic signal with a wide CFO range (±5 GHz or beyond) has
been demonstrated. There are also some carrier recovery methods adopted in wireless systems
and coherent optical systems, such as blind frequency search (BFS) algorithms [21], [26]–[28],
FFT-based algorithms [22], [24], [29], training sequence-based algorithms [30]–[34], and so forth
[35]–[37]. The BFS and FFT-based algorithms may achieve a large CFO estimation range of ±F s/2,
but their computational complexities are typically high due to the large iteration number and the
large-size FFT operation, respectively. The training sequence-based algorithms can realize carrier
frequency and phase recovery with low computational complexities and do not depend on the
modulation formats. However, their CFO estimation ranges are limited to ±R s/2, and the training
symbols contribute to the data rate overheads. A detailed comparison of the existing carrier recovery
methods will be provided in Section 3.

In this paper, we propose and experimentally demonstrate an approach to implement carrier
frequency and phase recovery of a microwave photonic signal with a wide CFO estimation range
up to 30 GHz. The basic idea of the approach is to reconstruct the microwave carrier through
the periodic carrier waveform from a received microwave signal. The approach is implemented in
two steps. In the first step, coarse CFO estimation is carried out. Then, fine CFO estimation and
phase estimation are performed in the second step. To realize the coarse CFO estimation, we use
a carrier period measurement (CPM) method to obtain the crossing period Tc of a microwave signal
with its mean level. The CFO is then estimated to be 1/(2Tc). Since Tc is ≥ 1/F s, where F s is the
sampling frequency of the digital signal, it is possible to achieve a wide CFO estimation range
up to F s/2. Note that the CPM method can only estimate the CFO magnitude. To obtain the sign
of the CFO, a CFO sign recognition operation reported in [21] is also employed in the proposed
approach. After the coarse CFO estimation, an envelope detection method based on fitting is
used to simultaneously estimate the residual CFO and the carrier phase. Furthermore, to reduce
the computational complexity, down-sampling operations reported in [21] are adopted during the
two recovery steps. Although the carrier recovery approach is proposed for heterodyne detection
systems, it can also be used in homodyne detection systems such as coherent optical systems,
which will be discussed in Section 3. The feasibility of the approach is experimentally validated,
in which carrier recovery of a microwave photonic signal is performed having a carrier frequency
varied from 7 GHz to 37 GHz for two different modulation formats of on-off-keying (OOK) and
quadrature phase shift keying (QPSK) with a baud rate of 2 Gbaud. Note that, since the proposed
approach is based on the periodicity measurement of the microwave carrier, it can be used for
any modulation format of the baseband signal, e.g., orthogonal frequency division multiplexing
(OFDM) or quadrature amplitude modulation (QAM). Similarly, the performance of the proposed
approach is independent of the baud rate of the baseband signal in theory. After optical-to-electrical
conversion, the microwave signal is received by a software-defined radio receiver [38], [39]. This
receiver is implemented by a high-speed analog-to-digital converter (ADC) and a digital signal
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Fig. 1. A microwave generation and detection system architecture based on optical heterodyne detec-
tion. Insets (i)−(vi) show the frequency spectra of the optical/microwave signals. As an example, the
frequency spacing between the signal light and the LO light is 7 GHz, and the default microwave carrier
frequency is 28 GHz. The CFO is therefore 21 GHz, and a carrier recovery process is required. LO: local
oscillator. PC: polarization controller. PD: photodetector. EA: electrical amplifier. ADC: analog-to-digital
converter. DSP: digital signal processor. fs: carrier frequency of the signal light. fLO: carrier frequency of
the LO light. fc de fau lt : default carrier frequency. fc actual: actual carrier frequency. F s: sampling frequency.

processor (DSP). The bandwidth of the ADC is sufficient to sample the microwave signal, thus
avoiding other high-speed electronic devices including a microwave source, a mixer and a power
amplifier. In practical applications, the software-defined radio receiver may be desired for the low
system complexity and high flexibility [38] if high-sampling-rate ADCs are commercially available.
For the received microwave signal carrying the OOK or QPSK data, the proposed approach allows
a CFO estimation range from −21 GHz to +9 GHz, with respect to a default carrier frequency of
28 GHz. Note that the upper bound of the estimation range is limited to ∼38 GHz due to the limited
sampling rate of the ADC. The lower bound is related to the maximal cut-off frequency of a low-pass
filter (LPF) employed after digital down-conversion, which is 20 GHz. In all the measurements, the
CFO estimation errors are less than 0.1 MHz if the frame duration of the received signal is 10 μs.

2. System Architecture and Algorithm Design
Fig. 1 shows a general microwave generation and detection system architecture, in which the
proposed carrier recovery approach can be used. This architecture is commonly employed in
fiber-wireless-integration (FWI) systems [40] and some radio-over-fiber (RoF) systems [9]. At the
transmitter base station, a signal light carrying baseband data is received. A local oscillator (LO) light
is provided with certain frequency spacing from the signal light. The carrier frequencies of the signal
light and the LO light are denoted by fs and fL O , respectively. The two lights are combined by a 3-dB
coupler and then fed into a photodetector for optical heterodyne detection. The detected signal con-
sists of a baseband component and a microwave component, and only the microwave component
can be delivered over a wireless link by antennas. The actual microwave carrier frequency fc actual

is unknown and may be significantly different from the default carrier frequency fc de fau lt , therefore
carrier recovery is needed. At the receiver base station, the received microwave signal is amplified
and sent to a software-defined radio receiver for detection. The receiver comprises of a high-speed
ADC and a DSP. Using the carrier recovery approach implemented in the DSP, the alternating cur-
rent (AC) coupled microwave signal is down-converted to a direct current (DC) coupled baseband
signal. It is worth noting that, to ease the implementation of this approach, a reference carrier is
required to increase the carrier-to-signal power ratio (CSPR) of the microwave signal, which can
be generated by beating the optical carrier of the signal light with the LO light in the photodetector.
This means that the optical carrier of the signal light needs to be preserved in electrical-to-optical
conversion. Although the proposed approach is implemented in a software-defined radio receiver, it
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Fig. 2. An example of the carrier recovery process. LPF: low-pass filter. B: bandwidth of the base-
band signal. fc : estimated carrier frequency. ϕc : estimated carrier phase. fe: frequency of the detected
envelope. ϕe: phase of the detected envelope.

is possible to use the approach in an analog radio receiver, where a down-converter is placed before
the ADC to relax the bandwidth requirement of the ADC. A discussion of the system applications
of this approach will be included in Section 3.

To illustrate the operation principle of the proposed approach, an example of the carrier recovery
process is shown in Fig. 2. The approach comprises of two steps for coarse recovery and fine
recovery. The received microwave signal is assumed to carry binary data. The electrical bandwidth
of the baseband signal is denoted by B. The initial CFO of the microwave signal is assumed to be
�B. In step 1, the microwave signal is firstly down-converted by mixing it with the default microwave
carrier at fc de fau lt . In this example, the initial CFO = 21 GHz, B = 2 GHz, and F s = 80 GHz. The down-
converted signal waveform shows periodic crossings with its mean level during the transmission of
consecutive “1” bits. Thus, the initial CFO can be estimated by a CPM method, which searches for
two adjacent crossing points in the signal waveform and calculates their time difference. The time
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difference is considered as the crossing period and denoted as Tc. The estimated CFO is then given
by 1/(2Tc), e.g., the initial CFO is estimated to be 19.7 GHz. The estimated carrier frequency fc is
updated accordingly, and down-conversion of the received microwave signal is performed again.
However, the CFO estimation error in a single CPM process (e.g., 19.7 − 21 = −1.3 GHz) is
relatively large due to the limited time resolution of 1/F s, especially if the CFO approaches F s/2 so
that Tc approaches 1/F s. To improve the estimation accuracy while maintaining the same estimation
range, multiple iterations of the CPM process are required. When the CFO decreases to less than
B (e.g., 0.2 GHz), aliasing occurs at baseband frequencies so that the periodic crossing points
disappear. To ensure effective carrier recovery, the CSPR of the microwave signal needs to be
higher than certain level to alleviate the interference of the carried data, and it is related to the
CSPR of the modulated signal light and the performance of a digital LPF. The filter bandwidth is
less than B. The periodic crossings are reconstructed in the filtered signal, enabling the following
CPM iterations. After step 1, the CFO decreases to several orders of magnitude less than B, e.g.,
CFO is 0.01 GHz. In such case, the signal envelope is the down-converted microwave carrier. An
envelope detection process is then carried out to estimate both the residual CFO and the carrier
phase. The frequency of the detected envelope is the residual CFO, and its phase is equal to
the carrier phase. In this example, the frequency and phase of the recovered microwave carrier is
7 GHz and 0 rad, respectively. Afterwards, the frequency offset of the recovered baseband signal is
well below 1/Tfr ame, where Tfr ame is the frame duration, hence it is negligible for the demodulation of
the received frame. Note that this work mainly focuses on the wideband and high accuracy carrier
frequency estimation, and the carrier phase is estimated as a constant. Therefore, the phase
estimation scheme works with the lasers having narrow linewidths, e.g., several kilohertz. Note
that, low phase noise is usually a basic requirement in practical microwave systems. For example,
the phase noise requirement in the long-term evolution (LTE) network is �94 dBc/Hz at 10 KHz
[41], [42]. To achieve this through optical heterodyne beating, the two lasers are typically required
to possess sub-KHz linewidths [42], [43]. Therefore, the proposed carrier recovery method with
linewidth tolerance of several kilohertz can compensate the phase noise in practical microwave
systems. Also, a possibility of improving the linewidth tolerance is to combine the proposed carrier
recovery approach with other carrier phase estimation methods, e.g., the RF-pilot aided algorithms
[14], [15].

Based on this operation principle, a carrier recovery algorithm is designed, with its flow chart
shown in Fig. 3. The received microwave signal is denoted as �s. To reduce the computational time,
only a segment of �s is used in step 1. The signal segment is mixed with a digital carrier at the
frequency of fc. The default value of fc is set to fc de fau lt . The output signal of the mixer is filtered by
an LPF denoted by LPF 1 to remove the sum frequency image generated by the mixing process,
as well as to increase the CSPR of the microwave signal by suppressing the carried data. The
filtered signal is then down-sampled. The down-sampling is only performed when fo decreases
by several orders of magnitude, rather than in each iteration. Subsequently, the CPM process is
carried out to search for two adjacent crossing points, with their indices denoted by p1 and p2.
To further alleviate the interference of the carried data, a periodicity test is executed to determine
whether p1 and p2 are effective. If they are effective, the estimated CFO magnitude |fo| is given
by F s/(2N |p 1 − p 2|). Otherwise, the algorithm searches for another two crossing points, and the
periodicity test is executed again. The magnitude of fo is sent to the CFO sign recognition and
step-size control modules to update fo. Finally, fc is updated and delivered to the next iteration.
To end the iterations and start step 2, the estimated magnitude of fo needs to be less than a
threshold fo th r eshold . In step 2, the received microwave signal �s is down-converted by mixing it with a
digital carrier at fc. LPF 2 is used to remove the sum frequency image without affecting the carried
data. The filtered signal is down-sampled, and then its envelope is detected to obtain the residual
CFO and the carrier phase. By the two steps, the carrier frequency and phase can be accurately
estimated. The recovered baseband signal is sent to the demodulation module.

The detailed implementations of the CPM, CFO sign recognition and envelope detection modules
are provided in the Appendix.
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Fig. 3. Flow chart of the carrier recovery algorithm. N: down-sampling factor. fo : estimated residual
CFO.

3. Experimental Verifications and Discussions
A proof-of-concept experiment is performed to validate the feasibility of the proposed approach.
The experimental setup is presented in Fig. 4(a). Two continuous wave (CW) lights from two free-
running distributed-feedback (DFB) fiber laser sources (Koheras BASIK C15) are used as the optical
carriers of the signal light and the LO light. The linewidths of the two laser sources are 5 KHz.
The corresponding phase noises are less than 5 μrad/�Hz/m at 1 KHz. In the experiment, the
wavelength of the signal light is tuned from 1550.408 nm to 1550.168 nm with a tuning step of 8 pm,
while that of the LO light is fixed at 1550.120 nm. Hence, there are 31 wavelength spacing settings
from 288 pm to 48 pm. Due to a reference wavelength difference between the two laser sources of
∼1 GHz, the actual frequency spacing between the two lights varies from 37 GHz to 7 GHz. The
signal light is then launched into a dual-drive Mach–Zehnder modulator (DDMZM) (T.DKH1.5-40PD-
ADC). The modulator is biased at the quadrature point to preserve the optical carrier, which leads
to a lower receiver sensitivity than that of optical carrier suppression (OCS) modulation for phase-
modulated signals, e.g., a QPSK signal. A 2-Gbaud baseband signal with OOK/QPSK modulation
format is generated by a 25-GHz arbitrary waveform generator (AWG) (Keysight M8195A). The
signal is then amplified and fed into the modulator for electrical-to-optical conversion. The CSPR of
the modulated signal light is set to ∼8 dB by adjusting the baseband signal amplitude in the AWG,
which is also the required minimum CSPR to ensure effective carrier recovery. The signal light is
launched into a 40-km single mode fiber. After the transmission, the signal light is amplified, filtered
and combined with the LO light by a 50:50 optical coupler. Subsequently, the combined light is split
into two parts using another 50:50 optical coupler. One part is fed into a 40-GHz photodetector
(XPDV2120R) for heterodyne detection, whereas the other part is monitored by an optical spectrum
analyzer (OSA) (APEX 2040C). The generated microwave signal is received by a 36-GHz digital
storage oscilloscope (DSO) (LeCroy 10-36Zi-A), with a sampling rate of 80 GSa/s and a frame
duration of 10 μs. After carrier recovery and demodulation, which are implemented offline by
Matlab, the baseband data can be precisely retrieved. Fig. 4(b) shows an example of the monitored
optical spectrum, in which the two optical carriers are spaced by 28 GHz, and the corresponding
electrical spectrum is provided in Fig. 4(c). The frequency response of the transmission system
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Fig. 4. (a) Experimental setup. (b) Monitored optical spectrum. (c) Normalized electrical spectrum.
(d) Frequency response of the transmission system. DFB: distributed feedback. DDMZM: dual-drive
Mach–Zehnder modulator. AWG: arbitrary waveform generator. SMF: single-mode fiber. EDFA: erbium-
doped fiber amplifier. BPF: bandpass filter. VOA: variable optical attenuator. OSA: optical spectrum
analyzer. DSO: digital storage oscilloscope.

is shown in Fig. 4(d). The response is measured by calculating the carrier power of the received
microwave signal for each wavelength spacing in the DSP.

The parameters of the carrier recovery algorithm are given as follows. The default carrier fre-
quency fc de fau lt is set to 28 GHz. The CFO threshold fo th r eshold is 2.2 MHz. With a frame duration of
10 μs, each received frame contains 8 × 105 samples (80 GSa/s × 10 μs). In step 1, 1000 con-
secutive samples are firstly used for CFO estimation without down-sampling. When the estimated
crossing period is longer than the duration of the 1000 samples, 105 consecutive samples are down-
sampled by a factor of 100. After coarse recovery, down-sampling of all the 8 × 105 samples is
performed with a factor of 800. Therefore, in each CPM process and the envelope detection process,
only 0.125% (1000 / 8 × 105) samples are used, leading to a significantly reduced computational
complexity. For the LPFs, we define the cut-off frequency as the frequency at which the signal
attenuation is 30 dB. The cut-off frequency of LPF 1 varies from 20 GHz to 0.1 GHz in the CPM
iterations, while that of LPF 2 is fixed at 12 GHz. Both LPF 1 and LPF 2 are digital Butterworth filters.

The proposed approach is demonstrated for a microwave signal carrying a baseband signal
with OOK/QPSK modulation format for back-to-back (BTB) and fiber transmission over a single
mode fiber of 40 km. Hence, there are four data groups, denoted by OOK-BTB, OOK-40 km,
QPSK-BTB, and QPSK-40 km. For each data group, the wavelength tuning process of the signal
light is repeated. For all the 31 wavelength spacings in each data group, carrier recovery of the
received microwave signal is realized by the proposed approach. In Fig. 5, we plot the normalized
waveforms of the received microwave signal, the data after coarse recovery and that after fine
recovery, with the carrier frequencies of 7 GHz, 12 GHz, 17 GHz, 22 GHz, 27 GHz, 32 GHz, and
37 GHz. Note that the received signal is composed of an unused baseband component and the
microwave component. The microwave signal waveforms in Fig. 5 are obtained by applying high-
pass filtering to the received signal. The stopband of the filter is 0 − 6 GHz. It can be observed
that, in each measurement, the microwave signal is down-converted from an AC coupled signal
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Fig. 5. Part of the normalized waveforms of the received microwave signal, the data after coarse recovery
and that after fine recovery. The orange lines are the signal envelopes fitted by fine recovery.

to a DC coupled signal by the two-step carrier recovery. This means that, the CFO estimation is
realized over a range of 30 GHz, and the CFO estimation errors are well below 0.1 MHz if the
frame duration is 10 μs. The wavelength-drifting of the lasers is typically at a very low speed (e.g.,
100 MHz over several hours) [21], [44], so the carrier recovery algorithm experiences negligible
CFO drift within the frame duration of 10 μs. For long-term CFO estimation, the proposed algorithm
can be periodically performed to track the drift.
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Fig. 6. (a) Q factors and demodulated eye diagrams of the recovered OOK signal. (b) MERs and
demodulated constellation diagrams of the recovered QPSK signal.

The recovered baseband signal is subsequently demodulated. Fig. 6(a) shows the Q factors and
the demodulated eye diagrams of the OOK signal, while the modulation error ratios (MERs) and
the demodulated constellation diagrams of the QPSK signal are shown in Fig. 6(b). The Q factors
and MERs are calculated by the following equations [45], [46], respectively:

Q factor (dB) = 20 log10

( |μ1 − μ0|
σ1 + σ0

)
, (1)

MER = 10 log10

( ∑K
n=1( I 2

ref + Q 2
ref)∑K

n=1( (I ref − I )2 + (Q ref − Q )2)

)
. (2)

In Eq. (1), μi and σi represent the mean value and standard deviation of the eye level i (i = 0, 1),
respectively. In Eq. (2), K is the number of symbols, Iref/Qref and I/Q are the real/imaginary parts of
the n-th ideal QPSK symbol and the n-th received QPSK symbol, respectively. In Fig. 6, the Q factor
and MER penalties are mainly induced by the roll-off at high frequencies, as well as the polarization
state and bias voltage drifts.

Fig. 7(a) shows the iteration numbers of the CPM processes for estimating different CFOs. Each
data point in the figure is the result of a single measurement. For each data group, the iteration
number varies from 5 to 8 with the increase of the CFO magnitude. Considering the experimental
uncertainties, the measurements at CFO = 0.2 GHz and CFO = 9.3 GHz are repeated 50 times
for the OOK-40 km group. The iteration numbers are shown in Fig. 7(b). The average value and
the standard deviation of the iteration numbers are 5.0 and 0.2 in the measurements at CFO =
0.2 GHz, while that in the other measurements are 7.4 and 0.6.
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Fig. 7. Iteration numbers of the CPM processes (a) for estimating different CFOs. (b) for CFO = 0.2 GHz
and CFO = 9.3 GHz in 50 measurements.

Here we provide the computational complexity of our proposed carrier recovery algorithm. The
number of required real-valued multiplications is used to characterize the complexity. The total
number of real-valued multiplications is 11.1L, and ∼9.8% and ∼90.2% multiplications are used for
the down-conversions in coarse recovery and fine recovery, respectively. L is the number of signal
samples required by the algorithm. Only <0.003% multiplications are used for the CPM processes
and the envelope detection process. Here, we provide the detailed calculation of the number of
multiplications for the down-conversion in the fine recovery as an example, since the computational
complexity mainly comes from this process. The input signal of the down-converter contains L
samples. Firstly, L multiplications are performed in the mixing process. LPF 2 is a 5th-order infinite
impulse response (IIR) filter with 9 filter coefficients, hence 9L multiplications are required. The total
number of multiplications in the down-conversion process is therefore 10L. Similarly, 0.13L and
0.96L multiplications are required by the mixer and LPF 1 in the coarse recovery. The computational
complexity of our algorithm increases linearly with L, and it can be further reduced through low-
complexity digital down-converters. Such a down-converter may be realized by using an additional
down-sampling operation before the down-conversion. Note that the computational complexity of
the proposed approach is independent of the modulation format.

The proposed carrier recovery approach may also be used in a coherent optical system or a
microwave photonic system employing an analog radio receiver. To achieve this, fc de fau lt needs to
be set to a proper value. The received microwave signal in the analog radio receiver is firstly down-
converted to an intermediate frequency before the analog-to-digital conversion, therefore fc de fau lt

is the intermediate frequency. As for the coherent optical system, fc de fau lt is zero since homodyne
detection is employed.

The performance comparisons of various carrier recovery methods are provided in Table 1. Our
proposed approach can recover both the carrier frequency in a wide range and the carrier phase,
while the other methods are typically used for frequency recovery or phase recovery. The theoretical
CFO estimation ranges of the BPS algorithm, the FFT-based algorithm, and the proposed method
can be as large as ±F s/2, which are much higher than the other methods and independent of
the symbol rate R s. The available modulation formats of the M-th power algorithm are limited to
M-PSK, while the other methods can be used for any modulation format of the baseband signal.
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TABLE 1

Comparison of Carrier Recovery Methods

M: number of constellation points. R s: symbol rate. L: number of signal samples used for recovery. N f : number of filter coefficients of
a band-pass filter. F s: sampling frequency. �ffine: step size in fine recovery. Ncoarse/Nfine: number of searching steps in the coarse/fine
recovery. Tphase(L): number of real-valued multiplications required for phase recovery of L samples. –: not specified.

The computational complexity of our method is higher than the training sequence-based algorithm,
but it is significantly lower than the BFS and FFT-based algorithms since the values of L in the
three methods need to be large enough to achieve relatively small CFO estimation errors (e.g.,
several MHz for the sampling frequency at tens of GHz).

4. Conclusion
We proposed and demonstrated an approach to implement carrier frequency and phase recovery
of a microwave photonic signal. By using the CPM, CFO sign recognition and envelope detec-
tion modules, wideband and high accuracy carrier recovery of a microwave photonic signal was
achieved. A proof-of-concept experiment was performed in a microwave photonic system employing
optical heterodyne detection. In the experiment, a microwave signal carrying OOK/QPSK data was
generated and detected for BTB and for fiber transmission over a 40-km single mode fiber. In all
the measurements, the carrier frequency and phase recovery were realized. The CFO estimation
range was from −21 GHz to +9 GHz, and the CFO estimation errors were less than 0.1 MHz for a
frame duration of 10 μs.

Appendix
Flow Chart of Carrier Period Measurement

Fig. 8 depicts the detailed flow chart of the CPM process. The down-sampled microwave signal
is denoted as �d. d(k) represents the k-th point in �d. A feedback loop is used to search for p1 and
p2 point by point. In the loop, if the sign of d(k) differs from that of d(k–1), a crossing point must
exist between k and k–1. Its index p1/p2 is then calculated by a linear function shown in Fig. 8. If p1

and p2 are found, their midpoint and time difference are calculated and denoted as p0 and span,
respectively. In the periodicity test, there are two cases in which p1 and p2 are effective:

1) Calculate the signs of five points [d0, d1, d2, d3, d4], which are given by di = d(p 0 + sp an × i ).
The signs alternate between positive and negative values, i.e., [+, −, +, −, +] or [−, +, −,
+, −];
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Fig. 8. Detailed flow chart of the CPM process. sign(·) is a function that extracts the sign of the input
variable. N: down-sampling factor.

Fig. 9. Detailed flow chart of the CFO sign recognition process.

2) span is large enough such that p0 + span×4 > pend is satisfied, where pend is the index of the
end point.

Once both p1 and p2 are effective, the magnitude of fo is calculated and slightly reduced. This
reduction is required, because the sign of fo in the next iteration is uncertain if the estimated
magnitude of fo in this iteration is too accurate. With the deviation, the sign of fo remains unchanged
in the following iterations. After the step-size control of fo, fc is updated accordingly. If p1 or p2 is not
effective, the value of p2 is assigned to p1, and the algorithm searches for effective p2 again.

Flow Chart of CFO Sign Recognition: The CFO sign recognition operation was proposed for
fast Fourier transform (FFT) based carrier recovery algorithms [21]. Based on the same principle,
here we provide its implementation in our CPM-based carrier recovery approach. As shown in Fig.
9, sp an i represents the span in the i-th CPM iteration. In the first iteration, fo can be set to either
positive or negative. In the following iterations, if sp an i ≥ sp an i−1 and fc + fo ≤ F s/2 are satisfied,
the sign of fo remains unchanged. Otherwise, the sign is inverted. Also, if the sign of the actual CFO
changes in an iteration, an additional CPM iteration is required to correct the sign of the estimated
CFO.

Flow Chart of Envelope Detection: The fine CFO estimation and the phase estimation are realized
by a feedforward envelope detection method. Fig. 10 shows the detailed flow chart. The magnitude

of the input signal is extracted and expressed as |−→d ′ |. The envelope of |−→d ′ | is periodic, with the

period denoted as Te. Then, |−→d ′ | is divided into multiple segments by serial-to-parallel conversion,
and the maximum of each segment is calculated. Then, the maxima above an amplitude threshold
are selected and combined to form a new signal �m . The angle of �m is then obtained through the

arccosine function and denoted as
−→
m ′ . Due to the periodicity of the envelope,

−→
m ′ requires phase

Vol. 11, No. 4, August 2019 5502514



IEEE Photonics Journal Approach to Microwave Photonic Signal Carrier

Fig. 10. Detailed flow chart of the envelope detection process. |·| is a function that calculates the absolute
value of the input variable. �t represents the time.

compensation to be linearly dependent on time. To achieve this, the sign of the i-th point m′(i) is
inverted if m′(i) is greater than m′(i+1) and they are in the same period Te, and a phase of (k–1)π
radians is added to all the points in the k-th period. The phase-compensated signal, denoted as−→
m ′′, is roughly linearly dependent on time.

−→
m ′′ is then fitted by the least-squares method. The slope

lk and y-intercept lb of the fitted linear curve �y are used to calculate the frequency fe and phase ϕe

of the envelope, which are also the residual CFO and the carrier phase, respectively.
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