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Abstract— The fingerprint and localization of radio signals 

employing a multichannel photonic analog-to-digital converter 

(ADC) is proposed, analyzed and demonstrated in a laboratory 

experiment. The photonic-ADC detects the radio signals with 

high sensitivity in a large bandwidth without down-conversion 

stages. This is of special interest when processing emerging low-

power wireless standards like ultra-wideband radio. The optical 

processing in the multichannel photonic-ADC is tailored for the 

localization and fingerprint of generic radio transmitters when 

orthogonal-frequency division multiplexing (OFDM) modulation 

is employed in the transmission. The photonic-ADC includes 

engineered optical and electrical amplification. The experimental 

work demonstrates that detection of radio signals with -65 dBm 

power with signal-to-noise ratio better than 20 dB is feasible, 

being in good accordance with the theoretical analysis. The 

multichannel photonic-ADC comprises five optical channels 

which are precisely time-aligned in optical domain achieving 

0.23 m spatial resolution (median) in the localization of radio 

transmitters. The experimental work also demonstrates that 

photonic-ADC processing is adequate for OFDM-based ultra-

wideband radio signal fingerprint including estimation of the 

average power, frequency band of operation and time-frequency 

hopping pattern if applicable. UWB transmitter localization has 

been experimentally demonstrated with 0.4 m error. 

 
Index Terms— Multichannel photonic analog to-digital 

converter, ultra-wideband radio sensing, orthogonal-frequency 

division multiplexing, fingerprinting, wireless transmitter 

localization 
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I. INTRODUCTION 

ENSING radio signals is a challenging task when the 

signal to be detected exhibits simultaneously a very-low 

power level, a large bandwidth or just a broad -sometimes 

unknown- spectral allocation. Signal detection in such 

circumstances has been the typical case in electronic 

intelligence applications. Moreover, this application scenario 

is recently found in cognitive radio techniques [1] considering 

emerging ultra-low power low-consumption radio [2]. 

Detection and processing of ultra-low power radio with very 

large bandwidth is limited by the tradeoff between the 

effective analog bandwidth and equivalent number of bits 

(ENOB) in current electronic analog-to-digital converters 

(E-ADC) technology [3]. State-of-the-art E-ADCs exhibit a 

dynamic range too limited for monitoring ultra-low power 

radio in presence of other radio signals with higher radiated 

power levels. Optical sampling permits simultaneously high 

sampling rate altogether a large dynamic range [4]. Regarding 

sampling rate, market-available stand-alone E-ADC state-of-

the-art is Agilent-Acqiris DC252HF exhibiting 8 GSamples/s 

with 3 GHz analog bandwidth. Depending on the input signal 

amplitude, these ADC exhibit an effective number-of-bits of 

approximately 5 to 6.3 bits, measured over the full bandwidth. 

E-ADCs state-of-the-art, regarding dynamic range (single-

channel operation), is ATMEL 2.2 GSamples/s with 

7.7 ENOB. Photonics can be applied to ADC technology 

improving the ENOB compared to conventional E-ADCs with 

the same equivalent electrical bandwidth [4], or extending the 

bandwidth of operation maintaining the ENOB [5]. 

Photonic-ADC (Ph-ADC) techniques are of special interest 

when sensing ultra-wideband (UWB) radio signals. UWB 

radio is quickly entering in the market addressing wireless 

connection of peripherals and high-definition audio/video 

wireless streaming [6]. UWB radio exhibits a regulated 

spectrum allocation from 3.1 to 10.6 GHz with a minimum 

bandwidth of 500 MHz or 20% fractional bandwidth [7]. The 

maximum equivalent isotropically radiated power allowed in 

current regulation is -41.3 dBm/MHz, i.e. a very low power 

level is actually available for sensing UWB transmitters 

located far away. The characteristics of UWB radio imply that 

detection of UWB signals in the regulated band with market-
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available state-of-the-art E-ADCs is not possible in real-time, 

and filtering and down-conversion stages are required [8].  

This letter proposes a multichannel photonic-ADC with 

engineered optical and electrical amplification for sensing 

OFDM-based UWB signals [9]. This architecture permits 

sampling the signal captured simultaneously from different 

sensors with only a single E-ADC and the time-stretching 

compresses the electrical spectrum and relaxes the 

requirements of bandwidth of the E-ADC and receiver 

amplifiers. The signals detected by the multichannel photonic-

ADC are further processed to localize and fingerprint the 

UWB transmitters present in a given area. 

The letter is organized in five sections. Section II describes 

the photonic-ADC technique and its performance is evaluated 

by simulation. In Section III the signal-to-noise ratio of the 

single-channel Ph-ADC is investigated experimentally and 

compared with simulation results. Section IV describes the 

fingerprinting and localization algorithms elaborated to 

analyze the data sensed and processed by the Ph-ADC. A 

study of positioning error depending on the location of the 

sensors in a room is included in this section, and an 

experimental demonstration of the five-channel multiplexed 

photonic-ADC system is discussed. Finally, Section V 

summarizes the main conclusions from this work. 

II. TIME-STRETCH PHOTONIC-ADC 

PRINCIPLE AND EXPECTED PERFORMANCE 

The multichannel photonic-ADC system herein proposed is 

based on the optical time-stretching technique reported in [5]. 

The basic principle can be summarized as follows: The radio 

signal under analysis is modulated on a pulsed laser light 

which is optically time-stretched prior to digitization with a 

conventional E-ADC. The time-stretch process introduces 

three key advantages: (i) The E-ADC sampling rate, and its 

analog bandwidth, is effectively multiplied by a factor exactly 

equal to the optical stretching factor M. (ii) The overall system 

jitter is dominated by the pulsed laser jitter, typically much 

lower than jitter in conventional E-ADCs [4]. (iii) The E-ADC 

dynamic range is maintained if the Ph-ADC is properly 

designed, i.e. optical distortion is limited. The time-stretching 

process implies that the temporal duration of the laser optical 

pulses is increased and a guard-time between pulses must be 

considered when designing the system. This implies that 

continuous operation would require parallel braches as 

described in [10]. In our case, this is not an important 

limitation as considerable computational efforts are required 

by the localization and fingerprinting algorithms, already 

constraining continuous operation. The time-stretching 

Ph-ADC approach is especially interesting for sensing ultra-

low power radio as it permits the engineering of the required 

amplification between optical and electronic domains relaxing 

individual amplifier requirements. 

Fig. 1 shows a single channel Ph-ADC based on the time-

stretching technique. This figure shows a radio signal detected 

by the antenna-amplifier-modulator chain, marked “radio 

sensor” in the figure, and a photonic part implementing the 

time-stretch process, marked as “optical processor”. The radio 

sensor requires an electro-optic modulator (EOM) for the radio 

signal conversion to optical domain, and two dispersion 

compensation fiber (DCF) spools with accumulated chromatic 

dispersion D1 and D2 respectively. The resulting Ph-ADC 

time-stretching factor is then M=1+D2/D1. 

The time-stretch Ph-ADC operation can be described as 

follows: The accumulated chromatic dispersion of the first 

fiber spool (D1) converts the spectral components of the pulsed 

optical source to time domain (λ-to-t mapping) process as 

described in [5]. This process is based on the temporal analogy 

of the Fraunhofer spatial diffraction. This approach requires 

the propagation of the optical pulses through a highly 

dispersive element (chromatic dispersion) meeting the 

condition 2 « 1T Φ&&  [11], where Φ&&  [ps2/rad] stands for the 

chromatic dispersion in the dispersive element, and T  stands 

for 1/e pulse width from pulsed optical source. In our 

implementation, dispersion compensating fiber (OFS 

LLMicroDK) is employed as dispersive element. After the 

λ-to-t mapping, the EOM modulates the radio signal under 

detection. The second fiber spool, DCF2, stretches the 

modulated optical pulses in time domain. At the receiver end 

the modulated and stretched pulses are photo-detected, 

amplified and digitized by a conventional E-ADC. 

Let us analyze the Ph-ADC expected performance. A 

simulation analysis employing Matlab™ targeting to evaluate 

the distortion added by the time-stretch process and the 

associated signal-to-noise ratio has been done. A radio-

frequency (RF) sinusoid is considered as the radio signal under 

detection. The parameters characterizing the blocks in Fig. 1 in 

Pulsed 
optical 
source 

 EOM 

Optical  
Amplifier 

Radio 
signal 

Elect. 
Amp#1 

E-ADC 

PIN 

Elect. 
Amp#2 

DCF1 
D1 

DCF2 
D2 

(1) 

(2) 

Optical 
processor 

Radio 
sensor 

 
Fig. 1. Block diagram of the single channel Ph-ADC evaluated by simulation  

 

TABLE I 

SIMULATION PARAMETERS 

Parameter Value Parameter Value 

DCF1 accumulated  

dispersion (GVD) -1513.1 ps/nm Elect. Amp#1 

Gain and Noise 

G=40 dB 

NF=3 dB 

DCF2 accumulated  

dispersion (GVD) -3612.2 ps/nm 
Elect. Amp#2 

Gain and Noise 

G=62 dB 

NF=2.8 dB 

Vπ modulator 1.5 V PIN responsivity 0.7 A/W 
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are summarized in Table I. Distortion is calculated comparing 

the simulation results with a-priori information (amplitude, 

frequency and phase) on the modulating RF signal at the 

E-ADC, point (1) in Fig. 1. The simulation sampling frequency 

is 5 THz. Such sampling frequency is necessary to deal with 

the narrow optical pulses from the pulsed laser in Fig. 1. The 

optical source generates pulses at 13.6 MHz repetition rate. 

These are hyperbolic secant shaped and are generated taking 

into account the superimposed amplitude noise, jitter of the 

pulses and time-width characteristics. The pulses are in 

accordance with the optical source employed in the 

experimental work in the next sections. Following the pulse 

laser source, DCF1 and DCF2 fibers in the analysis are 

characterized by the attenuation, chromatic dispersion (GVD, 

group velocity dispersion) and GVD slope measured by an 

optical network analyzer (Advantest Q7760). 

The DCF model does not take into account non-linear fiber 

behavior as the average optical power in the laser source is 

kept limited to 3 dBm. The accumulated GVD in the first fiber 

spool is D1= -1513.1 ps/nm and relative dispersion slope is 

3.29 ‰/nm. The second spool of fiber, DCF2, exhibits an 

accumulated dispersion of D2= -3612.2 ps/nm with 3.41 ‰/nm 

relative dispersion slope. The resulting stretching factor is 

M=1+D2/D1=3.38 with negligible distortion due to chromatic 

dispersion slope in the 3.1 - 10.6 GHz signal band. A Mach-

Zehnder interferometer is employed for electrical-to-optical 

conversion. The Mach-Zehnder is modeled taking into account 

the optical losses and the non-linearity inherent to the intrinsic 

half-wave π voltage (Vπ). The RF input signal is amplified by 

40 dB (3 dB noise figure) prior to the electrical-to-optical 

conversion. Finally, the optical signal is photodetected with a 

PIN photodiode taking into account thermal and shot noise, 

and amplified (Elect. Amp#2) with 62 dB gain (2.8 dB noise 

figure) in agreement with the amplifiers employed in the 

experimental work described in the next sections. 

In order to evaluate the Ph-ADC performance, a RF carrier 

at the first frequency of the UWB band (f=3.146 GHz) is fed at 

point (2) in Fig. 1 at different power levels ranging from -39 to 

-65 dBm. The resulting signals will be further compared with 

experimental measurements in the next section. Fig. 2 shows 

the resulting Ph-ADC signals at point (1) in Fig. 1 for the RF 

input tone at -59 and -65 dBm respectively. Looking at the 

spectrum in Fig. 2(b) and (d) it can be observed that the tone 

signal at f=3.146 GHz appears at f/M = 0.928 GHz. This 

confirms the time stretch with M=3.38. 

III. SINGLE-CHANNEL PHOTONIC-ADC 

EXPERIMENTAL ANALYSIS 

Proper operation of the single-channel photonic-ADC was 

demonstrated in the laboratory. The experimental setup is 

shown in Fig. 3. A RF carrier at f=3.146 GHz (first frequency 

of the lower UWB sub-band) is employed for test at different 

power levels (Agilent E4438). The optical source in the setup 

is a Pritel femtosecond fiber laser with 13.6 MHz repetition 

rate. The DCF are low loss dispersion slope compensating 

modules from OFS (LLMicroDK) with accumulated 

dispersion D1= -1513.1 ps/nm and D2= -3612.2 ps/nm. Optical 

amplification is introduced by low-noise erbium-doped fibre 

amplifier (EDFA, model Keopsys KPS-BT2-C-13-LN-FA). 

The saturation power is precisely set to 11 dBm to adequately 

match the optical intensity to the Mach-Zehnder dynamic 

range limiting intermodulation and harmonics. The 

electro-optical modulator is a low Vπ modulator. The antenna 

amplifier (Elect. Amp#1) has 40 dB gain (2.8 dB noise figure). 

The resulting signal is photodetected (PIN XPDV2020R, 

0.7 A/W) and amplified with a tandem amplifier (62 dB gain). 

After photodetection, the signal is high-pass filtered (cut-off 

frequency 0.8 GHz) to eliminate the low frequency/high power 

spectrum from the optical pulse envelope. Upper cut-off 

frequency is 1650 MHz which is translated to 5.61 GHz 

equivalent frequency (M=3.38). 

Fig. 4 shows the measured electrical spectrum of the 

time-stretched signal at point (1) in Fig. 3. The resulting signal 

was sampled with a real time oscilloscope of 6 GHz bandwidth 

(LeCroy SDA-760Zi) for different input power values ranging 

from -39 to -65 dBm as it is shown in Fig. 5. The amplitude 

levels of the experiment are in good agreement with the 

simulation results shown in Fig. 2. Comparing the initial 

frequency of the sinusoidal signal with the measured spectrum 

shown in Fig. 4, it is confirmed that the spectrum has been 

compressed by the factor M =1+D2/D1=3.387 as predicted. 
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Fig. 2. Simulated time signal and electrical spectrum results for the Ph-ADC 

with RF input carrier at 3.146 GHz and: (a-b) -59 dBm, (c-d) -65 dBm 

power respectively 

 
Fig. 3. Experimental single channel photonic ADC setup  
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The sine peak appears at 925.48 MHz when theoretically 

should be at ft = f/M =3146 MHz/3.387 = 928.8, i.e. a 

3.5 MHz shift can be observed in the experiment. This is a 

constant shift due to the residual dispersion of the optical 

fibres comprising the Ph-ADC architecture than can be 

corrected with calibration. 

The sampled data is transferred to a PC and processed in 

Matlab to evaluate the signal to noise ratio (SNR). The cyclo-

stationary period is evaluated and the carrier frequency, the 

phase and burst period are estimated. Afterwards, the burst 

envelope is estimated and the Ph-ADC SNR is computed. 

Fig. 6 shows an example of the sampled signal and the 

results after processing. Fig. 7 shows the received signal 

power, the noise power and the computed SNR as a function 

of the burst period for the different input levels evaluated. It 

can be observed that the SNR degrades significantly at the 

edges of the pulse period. This is due to the decrease of signal 

power induced by the shape of the optical source pulses. The 

maximum SNR obtained by simulation and experimentally are 

compared in Fig. 8 with good agreement. 

In Fig. 8, it can be observed that for higher input power 

levels there is some deviation on the SNR results due to the 

amplitude clipping in the electrical amplifiers observed in 

Fig. 5(a), not considered in simulation. For lower power 

values, the simulated noise is bigger due to mismatches in the 

response of the filters used to remove the DC component 

coming from the optical source. 

IV. MULTICHANNEL PHOTONIC-ADC 

INCLUDING LOCALIZATION AND FINGERPRINTING 

The basic time-stretch Ph-ADC principle is further 

developed in this section proposing a novel time- multiplexed 

multichannel architecture where precise control of the time 

alignment in the optical signal permits the simultaneous 

detection of a given radio signal at different spatial locations. 

The proposed system required synchronization of the E-ADC 

with the optical source and proper processing of the optical 

pulses coming to the E-ADC to enable the localization and 

fingerprinting of the detected radio signal.  

The proposed photonic-ADC targets sensing the radio 

spectrum in a home or office environment where several 

sensors are located along the area to sense, and the information 

captured by each sensor is processed with ad-hoc 

fingerprinting and localization algorithms.  

A. Fingerprinting and localization algorithms 

Regarding the fingerprinting, the proposed algorithm is 

made of two sequential parts. First, the power spectral density 
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Fig. 4. Measured electrical spectrum of the Ph-ADC system with RF input 

carrier at 3.146 GHz and: (a) -59 dBm, (b) -65 dBm power (RBW=1 MHz) 
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Fig. 5. Captured time signal by the E ADC for an RF input power of: 

(a) -39 dBm, (b) -51 dBm, (c) -59 dBm, (d) -65 dBm 
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Fig. 7. SNR inside the optical pulse period for an RF input power of:
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is computed over the bands of interest. The integrated value 

over time and over each band is then put in perspective with 

the noise levels to give a first estimate about the presence or 

absence of a UWB transmission. Second, each band identified 

as potentially carrying an OFDM signal is then converted to 

baseband. The corresponding sequence should be long enough 

to incorporate multiple snapshots. With the selected repetition 

rate of the optical source, concatenating the snapshots will lead 

to virtual OFDM blocks exhibiting the zero-padding structure 

used for UWB. As proposed in [12], we then perform a power 

correlation on the sequence which, in case of UWB, will lead 

to easily identifiable trains of triangles. The period between 

the triangles is then estimated and compared to its theoretical 

value (the previously known OFDM block duration). A match 

will confirm the presence of a UWB signal [12].  

Once the UWB transmitter is identified by the fingerprint 

algorithm, the proposed system estimates its position 

employing a specific time difference-of-arrival (TDoA) 

algorithm. The TDoA algorithm is a converging step, which 

uses the previous estimated difference of delays from each 

channel to compute the position. Classical differences of 

delays are obtained by using synchronization with the device 

being localized with at least two synchronized point in the 

infrastructure. Here is only exploited both a pure power 

sensing of the signal on the air and the knowledge of the used 

time frequency code sequence. Indeed, by matching the known 

hopping sequence to the sensed one, a delay is observable. 

Fig. 9 shows an example of this method. By repeating on each 

channel, difference of delays is obtained. 

The TDoA approach is enabled here by the precise time-

alignment in the optical domain of the signals captured in all 

sensors in a novel manner enabled by the time frequency 

power pattern sampled by the photonic-ADC. Moreover, the 

optical time stretching ensures a larger integration time of the 

sensed power increasing the delay estimation accuracy.  

To exploit TDoA, least-squares based estimation schemes 

are the easiest and cheapest solution to perform localization 

from TDoAs measurements [13], so the total least square 

TDoA has been used [14]. Five sensors are enough to retrieve 

the position of the transmitters without ambiguity [8]. As 

shown in Fig. 10, in the case of two dimensions (2D) 

positioning two hyperbola can be generated with 3 sensors 

using the TDoA algorithm which ensures to find unique 

intersection. But in the case of three dimension (3D) 

positioning, the intersection of the two generated paraboloids 

returns an ambiguous set of possible solution. The inaccuracy 

of this area will remain ambiguous with 4 sensors. For this 

reason, five sensors are the minimum number required to avoid 

this ambiguous case. However, the position of the sensors in 

the given area affects the positioning accuracy that can be 

achieved. Consequently, before performing experimental 

measurements, different sensor positions have been simulated 

to determine the best configuration to achieve the lowest error 

on the TDoA. The configurations of interest are summarized in 

Table II.  

Prior simulation analysis has been done considering the 

experimental demonstration room which shape is drawn in the 

Fig. 11 and Fig. 12 along the sensor position (white circles). 

The demonstration room is 4.65×6.21 m. For each sensor 

configuration, a simulated UWB source has been moved in 

and around the room (with a 0.1 m step), to easily detect the 

parabolic sector with high errors which is an intrinsic 

limitation of TDoA computation. For each position, the 

resulting difference of range has been computed 100 times 

using different random Gaussian error by assuming an 

achieved standard deviation of 0.1 m. The root mean square 

(RMS) error is evaluated. In first instance, 2D positioning is 

evaluated for different sensors position defined with 3D 

coordinates (x,y,z). Firstly, the TDoA algorithm is applied for 

2 dimensions (x,y), in order to only take advantage of 

redundancy to increase the estimated position. In the first 

simulations (configuration A to D) the device was set at the 

same height at z=1.2 m. In configuration A, the five sensors 

are located at the middle width of each wall of the room at the 

same height (z=1.2 m). In configuration B, there are 4 sensors 

at the middle of each wall at the same height and one on the 

ceiling in the center of the room. In configuration C the five 

sensors are at the corners and in configuration D one is on the 

ceiling in the middle of the room and four at the corners.  

Using configuration A, a hyperbolic undetermined area can 

be observed in Fig. 11(a) due to the TDoA method. Using 

configuration B, the coverage area is reduced due to the 
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Fig. 9. Spectrogram to the received signal from two optical channels to show 

the delay estimation based on matching measured power and the known 

hopping sequence: (a) channel 1 and (b) channel 2 
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Fig. 10. TDoA examples for: (a) 2D and (b) 3D positioning 
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closeness of the sensors. In the corner configuration (conf. C) 

the positioning error is reduced, and adding a fifth sensor on 

the ceiling increases the coverage area (conf. D). To achieve 

3D localization, it is recommended to choose different heights 

for each sensor. This is evaluated in configurations E and F. 

Locating the sensors at the same height provides a correct 

(x,y) 2D positioning, but will not be accurate along 

z-dimension [15]. Even for 2D positioning, using different 

sensor heights (conf. E and F) ensures an increase in the 

accuracy as shown in Fig. 12. The obtained mean, median and 

maximum positioning errors are summarized in Table III. The 

performance is improved considerably by allocating the 

sensors at different heights. The best configuration (conf. F) 

achieves localization with 0.33 m mean and 0.23 m median 

error. Configuration F was selected and implemented in the 

demonstration experiment for comparison. 

3D positioning simulations are shown in Fig. 13. These 

results are not as good as in Fig. 12 due to the absence of 

redundancy of information in the 3D case as well as less 

diversity in the repartition of sensors in the vertical plan. In the 

2D case, the fifth sensor adds extra information which 

increases the robustness of the TDoA algorithm, but in 3D 

case the five sensors are useful to compute positioning. 

Simultaneous data captured from these five sensors in the 

multichannel photonic-ADC being an enabling step for the 

fingerprint and TDoA techniques described.  

B. Experimental evaluation with multichannel Ph-ADC 

Fig. 14 shows the multichannel photonic-ADC developed. 

The system architecture is a multichannel extension of the 

single-channel Ph-ADC in Section III with full multiplexing 

and time-synchronization. Operation is as follows: A single 

optical source (Pritel femtosecond fiber laser) generates 

optical pulses of 270 W peak power, 1.6 ps pulse width at 1/e 

and 3.233 MHz repetition rate, which are stretched by the first 

spool of fibre with dispersion D1=-1513.1 ps/nm and amplified 

(to compensate the splitter and DCF fiber spool losses) by an 

EDFA (Exelite XLT-SFA-19) in 5 branches. A fibre patchcord 

of 10 m is used to feed each sensor allocated in the room 

according to configuration F as this configuration obtained the 

best performance for localization in the simulation studies. 

Each sensor comprises a UWB antenna, an RF amplifier 

(Elect. Amp#1) and a Mach-Zehnder modulator. With this 

configuration, the optical pulses arrive to the different sensors 

at the same time capturing simultaneously the radio signal 

present in the area as a unique snapshot. 

The five branches are combined together to use the same 

receiver elements and minimize the overall system cost. A 

second spool of fibre with D2=-3612.2 ps/nm is used to finish 

the time-stretching conversion with M=3.38. The stretched 

signal is photodetected with a PIN photodiode (XPDV2020R) 

TABLE II 

SENSORS POSITION (X, Y ,Z METERS) FOR EACH CONFIGURATIONS 

Conf Sensor 1 Sensor 2 Sensor 3 Sensor 4 Sensor 5 

A (3.15, 0, 1.2) (0, 2.38, 1.2) (3.15,4.75,1.2) (5.26, 4, 1.2) (6.21,1.2, 1.2) 

B (3.15, 0, 1.2) (0, 2.38, 1.2) (3.15,4.75,1.2) (5.26, 4, 1.2) (3.3, 2.4, 2.4) 

C (0, 0, 1.2) (0, 4.75, 1.2) (5.26,4.75,1.2) (5.87,3.03,1.2) (6.21, 0, 1.2) 

D (0, 0, 1.2) (0, 4.75, 1.2) (5.26,4.75,1.2) (3.3, 2.4, 1.2) (3.3, 2.4, 1.2) 

E (0, 0, 1.8) (0, 4.75, 0.2) (5.26,4.75,1.8) (6.21, 0, 0.2) (3, 3, 2.4) 

F (0, 0, 0.2) (0, 4.75, 1.8) (5.26,4.75,0.2) (6.21, 0, 1.8) (3, 3, 2.4) 
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Fig. 11. Root mean square error of positioning for 5 sensors located in different 

configuration: (a-b) the middle of the walls, (c-d) the edges of the room  
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Fig. 12. Root mean square error of 2D positioning for 5 sensors located at 

different heights: (a) configuration E, and (b) configuration F 

TABLE III 

POSITIONING ABSOLUTE ERROR (CALCULATED) 

Conf. Mean Error Median Error Maximum Error 

A 0.65 m 0.36 m 52.15 m 

B 1.05 m 0.52 m 69.25 m 

C 0.52 m 0.31 m 89.52 m 

D 0.38 m 0.28 m 3.48 m 

E 0.33 m 0.23 m 3.67 m 

F 0.33 m 0.23 m 2.82 m 
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Fig. 13. Root mean square error of 3D positioning for 5 sensors located 

using configuration F: (a) on position depth y as a function of width x, and 

(b) on position height, z, as a function of depth y 
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and amplified (Elect. Ampl#2 with 62 dB gain). The signal is 

sampled with an E-ADC (Agilent Acqiris DC282) with a 

2 GHz front-end and a 10-bit sampling rate at 8GS/s. The 

UWB signal in the 3 first frequency bands (from 3.146 to 

4.75 GHz that are commercially available nowadays) after the 

time stretching of M=3.38 will be approximately 1.75 GHz, 

which fits with the 2 GHz front-end specification of the 

E-ADC. Fig. 15 shows the measured UWB spectrum after the 

photonic-ADC architecture and confirms the time-stretching. 

Using the multiplexed architecture a single E-ADC is needed 

to sample all the data captured by the different sensors. 

In order to avoid overlapping of the different pulses before 

combining them together two aspects must be taken into 

account. In first place, the repetition rate of the laser (fsample) 

should be calculated as: 

1
sample

stretched

f
N T

>
⋅

 (1) 

where N is the number of branches to combine (N=5), and 

Tstretched is the duration of the optical pulses once stretched with 

M=3.38. In second place, this sampling frequency has been 

defined such that consecutive snapshots sweep perfectly the 

OFDM blocks according to: 

1
sample

OFDM A

f
T T

=
+

 (2) 

where TOFDM is the OFDM block period and TA the aperture 

time of the optical pulse coming to the modulator. According 

to this, the repetition rate of the optical source is 3.233 MHz.  

The modulated signal of each branch must be delayed 

before combining in order to avoid overlapping. This optical 

delay is achieved using different lengths of cleaved optical 

fiber in each branch. In the experimental setup and according 

to the repetition rate of the optical source, the different lengths 

of fibre are L2=10.5 m, L3=21 m, L4=31.5 m and L5=42 m.  

An example of the resulting results with a UWB signal 

using time frequency code 3 [9] with frequency hopping in the 

first three channels f1, f1, f2, f2, f3, f3 is shown in Fig. 16. The 

-100 dB labels indicate that no OFDM UWB symbols were 

detected in that time slot at that frequency band. If the number 

is different, then transmission presence was detected. In the 

example of Fig. 16, the frequency hopping pattern is clearly 

identifiable demonstrating the fingerprint of the UWB radio 

signal modulated in the optical pulses in the Ph-ADC.  

The presence of OFDM UWB signal is a trigger to perform 

localization on the received data. Table IV shows some 

examples of the estimated position of real data from the 

Ph-ADC architecture, using room configuration F in Table II. 

Three different source positions were evaluated 

experimentally. Fig. 17 displays one of these examples in the 

demonstration room with only 40 cm error positioning. 

Comparing the simulation results obtained for the same 

configuration F (Table III) where we achieved 0.33 m mean 

error, the experimental value of 0.4 m confirms the suitability 

of the algorithm.  

V. CONCLUSION 

This paper proposes and demonstrates radio sensing using a 

multiplexed multichannel time-stretch photonic-ADC with 

engineered optical and electrical amplification. Fingerprinting 
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Fig. 14. Experimental setup of full-multiplexed multichannel Ph-ADC 
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Fig. 15. UWB spectrum measured after the Ph-ADC system (RBW=50 kHz) 

 
Fig. 16. Example of fingerprinting processing result of a UWB signal 

using time frequency code 3 (f1,f1,f2,f2,f3,f3) 

TABLE IV 

POSITION ESTIMATION IN METERS FROM A DATASET 

Real position Estimated position Eucl. 

Dist. 

(m) X  Y  X̂  Ŷ  

4.51 4.08 3.81 3.74 0.785 

4.15 3.75 3.46 3.75 0.683 

3.03 2.74 2.90 2.35 0.409 
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Fig. 17. Example result of positioning in the demonstration room. The red 

square is the real position. The green dot is the estimated 
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and localization algorithms were developed and tested on 

UWB signals detected by the Ph-ADC.  

The SNR performance of a single-channel photonic-ADC is 

evaluated by simulation and further confirmed experimentally 

achieving 20.83 dB SNR for signals with -65 dBm power.  

The proposed multichannel Ph-ADC configuration enables 

time-spectrum gathering from different spatial points 

simultaneously by precise time-shift optical control, 

facilitating UWB transmitters’ localization. Five sensors are 

identified as the minimum to achieve 3D localization. The full 

multiplexed architecture permits capturing the radio signal 

simultaneously at the different sensors employing a single 

E-ADC. The positioning error is investigated to choose the 

best sensor positions achieving 0.33 m mean error. The best 

positioning configuration is evaluated experimentally with a 

five channel multiplexed Ph-ADC achieving 0.4 m error in 

positioning and also demonstrating fingerprinting on the 

optical signal identifying the frequency hopping pattern of the 

detected UWB signal. 
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