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Abstract: A novel scheme that can simultaneously measure the Doppler frequency shift (DFS) and 

angle of arrival (AOA) of microwave signals is proposed. At the signal receiving unit (SRU), two 

echo signals and the reference signal are modulated by a Sagnac loop structure and sent to the cen-

tral station (CS) for processing. At the CS, two low-frequency electrical signals are generated after 

polarization control and photoelectric conversion. The DFS without direction ambiguity and wide 

AOA measurement can be real-time acquired by monitoring the frequency and power of the two 

low-frequency electrical signals. In the simulation, an unambiguous DFS measurement with errors 

of ±3×10-3 Hz and a -90° to 90° AOA measurement range with errors of less than ±0.5° are realized. 

The safety and robustness of the system to environmental disturbance are improved, and it is more 

suitable for the modern electronic warfare system. 

Keywords: Doppler frequency shift; Angle of arrival; Microwave photonics; Sagnac loop. 

 

 

1. Introduction 

Accurately judging the condition of a moving object, such as speed, distance and di-

rection, plays a significant role in radar, electronic warfare and communication systems 

[1-4]. Owing to the inherent advantages of microwave photonics of large bandwidth, im-

munity to electromagnetic interference, and low transmission loss, various photonic-as-

sisted doppler frequency shift (DFS) and angle of arrival (AOA) measurement techniques 

to meet the requirement have been reported [5-12]. DFS is the frequency shift between the 

transmitted microwave signal toward object and the received echo signal returned from 

an object. It is applied to obtain the velocity and the direction of the moving object [13]. 

On the other hand, AOA is the azimuth angle of the incoming signal radiation source 

relative to the receiving antenna, by which the orientation of the measured object can be 

precisely identified. However, there are still many problems to solve, like the direction of 

DFS is difficult to judge, or the problem of ambiguity in the AOA. Besides, most of the 

previously reported systems can only measure either DFS or AOA, which limits the ap-

plication of the systems and hard to fast obtain the accurate location of the subject. 

In recent years, some photonic schemes aimed at simultaneously implementing DFS 

and AOA measurements based on a single system are being studied. In 2019, Peng Li et 

al. [14] first proposed a photonic approach for simultaneously measuring the DFS and the 
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AOA by connecting two modulators, polarization-division-multiplexed Mach-Zehnder 

modulator (PDM-MZM) and phase modulator (PM), in series. It can not only realize the 

DFS measurement error of less than 5 × 10-3 Hz, and the AOA from 1.82° to 90° with less 

than 0.85° error at 10 GHz and from 4.35° to 90° with less than 2.25° at 18 GHz, but also 

support long-distance transmission. During the same year, an impressive scheme that 

both parameters can be measured simultaneously by constructing two I/Q channels is 

provided in [15]. The DFS measurement error is less than 2.5 Hz and the AOA error is less 

than 2.3° between 27.25° and 90°. Nevertheless, both systems are complicated. In 2020, a 

cascaded modulator topology for radio frequency (RF) signal direction finding is pre-

sented in [16], which can simultaneously measure the two parameters of an RF signal 

when it is used in a radar receiver. It can perform the DFS measurement error less than 

0.8 Hz and the AOA measurement error less than ±2.5° in a range from 3.2° to 81.5°, and 

it can be extended to a multi-channel system. In 2021, two simple photonics-based DFS 

and AOA estimation systems based on a polarization-division-multiplexed dual-drive 

Mach-Zehnder modulator (PDM-DMZM) [16] or a dual-parallel Mach-Zehnder modula-

tor (DPMZM) [17] are implemented. Especially in [17], the phase ambiguity problem is 

solved and the AOA measurement range is from ±10° to ±90° with a measurement error 

of less than 5.5°. Whereas, an optical bandpass filter (OBPF) or a wavelength-division 

multiplexer (WDM) is required to select or separate the optical signals, restricting the op-

erating range of the whole system. In 2022, a photonic approach for simultaneously meas-

uring DFS and AOA based on a dual-polarization dual-drive Mach-Zehnder modulator 

(DPol-DDMZM) is proposed [18], which can not only measure DFS without detection am-

biguity, but also acquire the unambiguous AOA measurement with a range from -66.44° 

to 66.44° and errors of less than ±2.2°. However, a power coupler must combine the re-

ceived echo signal and the reference signal before driving the modulator. It is difficult to 

achieve synchronization in practical applications, which will affect measurement accuracy.  

In electronic warfare, it is necessary to transmit high-power signals to measure en-

emy targets, which will increase the possibility of our system being found by the enemy. 

Once being discovered, it is likely to encounter interference or deception from the enemy, 

or even the attack to destroy the entire measurement system. Under this circumstance, we 

propose and demonstrate a photonics-based simultaneous DFS and AOA measurement 

system with the capability of unambiguity detection. To improve the concealment and 

security of the central station (CS), the microwave signal receiving unit (SRU) and the CS 

are separated and far away from each other, which has hardly been considered in the 

aforementionedned methods. In the remote SRU, only one Sagnac loop is employed to 

receive and modulate signals. Then, the modulated optical signal is transferred to the sig-

nal processing unit (SPU) in the CS by a segment of single mode fiber (SMF). The DFS 

(including values and direction) and the non-ambiguous AOA in the range of 180° can be 

realized by measuring the frequency and power of the output signals. Compared with the 

scheme in [17, 18], the system is more suitable for the modern electronic warfare system, 

for it not only considers the real-world applications to separate the SRU and CS, but also 
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uses a Sagnac loop structure in the SRU to improve its robustness to environmental dis-

turbances. 

2. Principle 

The schematic diagram of the proposed approach for the simultaneous and unam-

biguous measurement of the DFS and AOA is shown in Fig. 1(a). With a certain length of 

single mode fiber, remote measurement of AOA and DFS can be realized. In the remote 

SRU, an optical carrier from a laser diode (LD) is coupled into the Sagnac loop via a po-

larization controller (PC). When the linearly polarized light is adjusted by the PC, two 

orthogonally polarized signals (X-polarized and Y-polarized) are generated and injected 

into port1 of an optical circulator (OC) and outputs from the port2 that connects to the 

Sagnac loop. In the Sagnac loop, two orthogonally polarized signals are divided by the 

PBS so that one part propagates along the clockwise (CW) direction and the other part 

propagates along the counterclockwise (CCW) direction. And the optical signal propagat-

ing in the CW direction is only effectively modulated in DDMZM1, while the optical sig-

nal propagating in the CCW direction is only effectively modulated in DDMZM2 [19]. 

Subsequently, the the X-polarized and Y-polarized modulated light waves are combined 

into a polarized multiplexed signal by the PBS and output from port3 of OC, and then 

transmitted to the CS through the SMF. In the CS, the optical signal is separated into two 

beams by a 1×2 optical power splitter. In the upper and lower branch, the polarized mul-

tiplexed signal is combined into a linearly polarized lightwave by a polarization controller 

(PC) and polarizer (Pol), and then detected by the photodetector (PD), respectively. 
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Fig. 1. Schematic diagram of (a) the system for simultaneous DFS and AOA measurement. LD: laser 

diode; PC: polarization controller; OC: optical circulator; PBS: polarization beam splitter; DDMZM: 

dual-drive Mach-Zehnder modulator; SMF: single mode fiber; Pol: polarizer; PD: photodetector; 

PM:phase modulator; PS: phase shifter; CS: the central station, SRU: signal receiving unit. (b) Con-

figuration of DDMZM1 and DDMZM2.  

At the remote SRU, the echo signals received by two antennas and the reference sig-

nal are respectively sent to the two input RF ports of DDMZM1 and DDMZM2, as can be 

seen in Fig. 1(b). The output signal of the DDMZM1 and the DDMZM2 can be expressed 

as: 
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where Ex(t) and Ey(t) are the optical fields of the CW and CCW, E0 and ωc are the amplitude 

and angular frequency of the input optical signal, ωe and ωr are the angular frequency of 

the echo signal and reference signal, respectively, me = πV1/Vπ and mr = πV2/Vπ are modu-

lation indices for the two echo signals and reference signal, Vπ denotes half-wave voltage 

of the DDMZM1 and DDMZM2, V1 and V2 are the amplitude of the two echo signals and 

reference signal, respectively. φ is the phase difference between the two reference signals, 

which is introduced by a phase shifter. θ the phase difference of the two echo signals, 

which is introduced by the AOA  and antenna spacing d (usually λ/2). The AOA can be 

expressed by the phase difference as [18] 

arcsin( )





=

 

(2) 

Afterwards, the polarized multiplexed signal is transmitted to the CS by the SMF, 

which would introduce a phase shift to the optical signal. In the CS, the polarized multi-

plexed signal is equally split into the upper and lower paths through a 1×2 optical power 

splitter. By turning the state of the cascaded PC and the position of the Pol, the output 

lightwave can be expressed as 
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x yE t E t E t e
 = +  (3) 

where  is the polarization angle between the axial direction of the polarizer and the 

principal axis, and PC  is the phase shift between the two orthogonal polarization states 

introduced by PC. Under the small-signal condition, the optical signals along the upper 

branch and the lower branch can be concluded as: 
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(4) 

where Jn (·) denotes the nth-order Bessel function of the first kind. The additional phase of 

different frequency components caused by the fiber chromatic dispersion can be ex-

pressed as: 

0 0 ( )cL  =   (5a) 

2

1 0 1 2

1
( ) ( ) ( ) ( )

2
c n c c n c nL L L L           − = −  − +  (5b) 
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(5c) 
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0 , 
-1 , and

+1  are the phase shifts caused by the fiber chromatic dispersion on the opti-

cal carrier at ωc, the lower sideband at ωc-ωn, and the upper sideband at ωc+ωn, respectively. 

βn (n=0,1,2) is the nth-order dispersion coefficient, L is the length of SMF. Based on Eqs. (5), 

0 0=  ;
+1 +1=   and 

-1 -1=   as ωn=ωe; 
+1 +1=   and 

-1 -1=   as ωn=ωr. 

To achieve the unambiguous AOA measurement with a range of 180°, different value 

of  and 
PC  will be introduced to the upper and lower branch. When tuning 

1 45 = ,

1 0PC =  and 
2 135 = ,

2 90PC = , thence, the output optical field of the upper and lower 

branch can be written as: 
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 (6) 

The value of DFS is the frequency offset of the echo signal and the transmitted signal, 

i. e.
DFS e tf f f= − . In most real-world application, the DFS value is between -1 MHz and 1 

MHz [14], so the frequency of the reference signal is set as the frequency of the transmitted 

signal plus 2 MHz, that is, +2MHzr tf f= . The value of DFS can be expressed

e - +2MHz = -( - )+2MHzDFS r r ef f f f f= , which means the DFS can be obtained by processing 

the received low-frequency electrical signals. The photocurrents at the angular frequency 

of 
e rw w w = −  can be obtained from Eq. (6) and expressed by  
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where 1 1 1 1( ) ( )
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frequency of the photocurrent is between 1 MHz and 3 MHz. Therefore, the value of DFS 

and the moving direction of the target can be determined, which corresponds to frequency 

of low-frequency electrical signal ranges from 1 to 2 MHz (positive) and 2 to 3 MHz (neg-

ative). Consequently, the DFS can be easily estimated through the spectrum analysis by a 

low-frequency ESA. 

The powers of the two paths are as follows: 
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 (8) 

Two mapping curves on the relationship between the phase difference and the power 

of microwave signals are constructed when the parameters of the SMF and the phase dif-

ference between the two reference signals φ are fixed, which can be seen from Fig. 2. Here, 

choosing the lower branch as the phase measurement curve and the upper branch as the 
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ambiguity resolution curve, the phase difference can be obtained in a range of 360°. The 

unambiguous AOA measurement with a range of -90° to 90° can be further calculated. 

Meanwhile, it is noticed from Fig. 2 that the phase difference between the two reference 

signals φ can control the distance between these two mapping curves, and with the de-

crease of φ, the power difference is larger, which means we can obtain an accurate meas-

urement result of phase difference. 

 

                           
Fig. 2. The normalized power of the output signals versus phase difference of the two echo signals 

at different phase difference between the two reference signals. 

 

3. Analysis and Simulation Results 

To investigate its mechanism, simulations based on the structure shown in Fig. 1 are 

performed via the OptiSystem 15.0. The CW laser diode emits the lightwave with the cen-

tral wavelength of 1550 nm, line width of 1 MHz, and power of 12 dBm. The polarization 

state of the incident lightwave is aligned with an angle of 45° by PC. It is transmitted over 

the Sagnac loop via a circulator. A 2.0 a.u. sinusoidal signal with the frequency 15.002 GHz 

is used as a reference signal, which is divided into two microwave signals (RF3 and RF4). 

To simplify the formula, a constant phase difference between RF3 and RF4 is introduced 

by a 90° hybrid coupler. The other sinusoidal signal is split into two identical echo signals, 

and an additional phase shift is introduced into one of echo signals by a phase shifter. 

They drive two DDMZMs as described in the principal part. A spool of 5-km SMF with 

dispersion coefficient of 17 ps/nm/km is used to connect the SRU and the CS. The device 

angle of linear polarizer is tuned at 45° in the upper branch. In the lower branch, the device 

angle of linear polarizer is tuned at 135° and the phase shift of polarization phase shift is 

90°. Two PDs with the same 1 A/W responsivity and 10 nA dark current are used to con-

vert optical signals back to electrical signals, and two electrical spectrum analyzers (ESA) 

are used to observe the frequency and the power of the IF signals. 

For the case with a fixed phase shift of reference signals of φ= 90°, Eq. (8) can be 

simplified as: 
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According to Eq. (5) and the second-order dispersion coefficient 2

2 / 2D c  = − , Eq. 

(9) can be rewritten as: 
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1 1

2 2 2 2 2 2

e
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(10) 

where D and L represent the dispersion parameter and length of the SMF, respectively. λ 

denotes the wavelength of the optical carrier and c is the velocity of light in vacuum. From 

Eq. (10), the power of the lower branch is independent to the phase shift caused by the 

fiber chromatic dispersion.Therefore, choosing the lower branch as the phase measure-

ment curve and the upper branch as the ambiguity resolution curve is a better choice. 

When the echo microwave signal frequency is set to 15.001 GHz with the amplitude 

of 1.8 a.u., a peak with a frequency of 1 MHz and a power of -27.6 dBm displays on the ESA, 

as shown in Fig. 3(a). It can be seen that the measured values agree well with the theoretical 

ones. The value of this frequency means the DFS is +1 MHz and the direction of DFS is positive 

and one target is moving towards the receiver. Changing the echo signal from 15.001 GHz to 

14.999 GHz, the frequency of the peak is located at 3 MHz in Fig. 3(b), which illustrates that 

the value of DFS is -1 MHz and a target is moving away from the receiver. Compared with 

the measurement schemes in Ref. [16, 17, 19, 20], they need to display the waveforms of 

the two channels on the OSC, and compare the phase relationship between the two chan-

nels, thereby the proposed scheme is more simple and feasible. 

(a) (b)

Fig.3. Electrical spectra in the lower branch for the Doppler frequency shifts at (a) +1 MHz and at 

(b) −1 MHz. 

Next, a series of different echo signals are sited to measure DFS and analyze errors. 

Tuning the frequency offset of the echo signal from -100 kHz to +100 kHz at intervals of 

10 kHz, while the reference signal frequency is fixed at 15.002 GHz. The measured results 

are plotted in Fig. 4. The measurement errors are calculated by comparing the values of 

the measured DFS and practical frequency offsets. It can be seen that the measured values 

of DFS and the theoretical values agree well with each other, and the maximum DFS meas-

urement error is within ±3×10-3 Hz.  
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Fig. 4. The measured results of DFS from -100 kHz to 100 kHz with a step of 10 kHz and the corre-

sponding errors. 

 

Subsequently, a variable phase difference between the two echo signals is adjusted 

by controlling the phase shifter, and 21 data points are measured in the range from -180° 

to 180°. The normalized theoretical curve and measured datas of the output electrical sig-

nal versus phase difference of the two echo signals are shown in Fig. 5. As can be seen, the 

measured results match well to the theoretical results except from the notch portion. The 

reason for a big gap around the notches is that the normalized power is infinitesimal when 

the power is zero in the theoretical formula, which will cause a very small measurement 

error to the actual measurement for the slope of the curve is pretty stiff. It is also noted 

from Fig. 5 that the phase difference in the range from -180° to 180° can be accurately 

estimated from these two curves, for one power value maps two same phase values from 

the lower branch (blue curve), but it corresponds to two different phase values in the up-

per branch (red curve). This means the system can realize the unambiguous phase meas-

urement within the 360° phase range. Figure 6(a) demonstrates the initialized phase dif-

ference and estimated phase differences from -180° to 180°, and corresponding measure-

ment errors. As can be seen that the phase differences measurement errors are less than ± 

1.5° with the range from -180° to 180°. The measuring results for the actual AOA and the 

estimated AOA are shown in Fig. 6(b). Finally, the measurement errors of AOA are less 

than ±0.5° ranging from -90° to 90°. 
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Fig. 5. The measured results of actual data and theoretical curve for normalized power of the out-

put signals versus phase difference of the two echo signals. 
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(a) (b)

 
Fig.6. (a) Estimated phase difference (rose red, dots) and the corresponding error (red, crosses) ver-

sus initialized phase difference from -180° to 180°. (b) The measurement errors of AOA. Ideal curve 

(blue, solid line), measurement data points (red, dots) and measurement errors (cyan, circles). 

Some factors that may cause measurement errors such as the direct current (DC) 

drifting of DDMZMs, phase imbalance of 90° hybrid coupler, the polarization angle and 

the phase shift introduced by PC drift are also considered and analyzed. Firstly, the DC 

bias voltage of DDMZMs may drift and affect the performance of the proposed system. 

Fortunately, even though it will lead to an uncertainty phase shift to Iupper and Idower, the 

direction of the DFS is judged by comparing the frequencies rather than the phases of the 

output waveform, which avoids the influence of DC drifting. In the simulation, the two 

reference signals have a fixed phase shift of 90° by a 90° hybrid coupler. Due to the com-

ponent imperfection, the instability of the phase shift will introduce the measurement er-

ror. To simplify the discussion, when different phase shifts in Fig. 2 are considered as 

phase migration, it is found that phase migration causes the lower output curve to shift 

left or right, which will bring measurement errors to phase difference measurement. In 

addition, the polarization angle  and the phase shift PC introduced by PC may drift 

due to limited device’s accuracy and environment perturbation. Fig.7 shows the measure-

ment results of the lower branch under different polarization states deviation. Apparently, 

the non-aligned polarization states affect the measurement resolution. Noteworthy, the 

measurement error is relatively small and can keep in a stable level except in the notch. 

To enhance the measurement performance, the polarization instability can be resolved by 

using polarization maintaining components and feedback control. In addition, the poten-

tial photonic integration can significantly improve the performance of the structure, mak-

ing it more suitable for radar and warfare applications.  

 

Fig.7. The influence of the polarization angle  and the phase shift PC introduced by PC on nor-

malized power of the output signals. 

4. Conclusions 
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In conclusion, we have proposed and analyzed a novel scheme that can simultaneously 

measure DFS and AOA without detection ambiguity. In this system, the RAU and the CS is 

separated to ensure the concealment and safety of the CS. At the RAU, a Sagnac loop contain-

ing two DDMZMs is constructed to improve its robustness to environmental disturbances. At 

the CS, two low-frequency electrical signals are received and two mapping curves are ac-

quired by processing the power of them. The value and the direction of the DFS can be obtained 

by measuring the frequency of low-frequency signal with errors of less than ±3×10-3 Hz. Fur-

thermore, by choosing the lower branch as the phase measurement curve and the upper 

branch as the ambiguity resolution curve, the unambiguous AOA measurement with a range 

of -90° to 90° and errors of less than ±0.5° is realized. The scheme is compact and cost-effective, 

as well as enhanced system stability and improved robustness.  
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