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Frequency-to-Time Mapping Based

Frequency Hopping Receiver
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Abstract—The receiving performance of a frequency hopping
receiver based on interference and frequency-to-time mapping
are analyzed. The broadening of the receiving passband induced
by high frequency hopping speed is theoretically analyzed. The
spurious-free dynamic range (SFDR), the frequency-dependent RF
gain, and the average signal-to-noise ratio (SNR) corresponding
to the RF gain are theoretically derived to indicate the receiving
performance. Experimental verifications on the SFDR and RF
gain were conducted. The SFDR of the passband at 7.21 GHz is
77.23 dBc, and for the passbands located from 7 GHz to 23 GHz, the
SFDR variance is below 3.2 dB, which fits well with the simulated
results with the difference of less than 3.7 dB. The RF gain for
passbands located from 2.6 GHz to 40.9 GHz were tested, and the
difference is less than 2 dB compared to the theoretical results.

Index Terms—Average signal-to-noise ratio, frequency hopping
receiving, hopping speed, receiving gain, spurious-free dynamic
range.

I. INTRODUCTION

W ITH the communication spectrum becoming more and
more crowded, secure communications that avoid inter-

ference and interception have become a heated topic recently.
Frequency hopping is one of the promising solutions for commu-
nication in complicated and hostile environment since it provides
high anti-jamming and anti-interception performance by chang-
ing the carrier frequency rapidly within a large frequency range
[1], [2]. By increasing the frequency hopping speed, the follower
jammers have lower detection probability and are unable to
block/intercept the communication. By increasing the frequency
hopping range, the broadband interference that entirely blocks
certain frequency bands can be avoided since the communica-
tions can select other frequency channels. Recently, a fast and
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large-range frequency hopping receiver based on interference
and frequency-to-time mapping has been proposed [2]. After
frequency hopping synchronization, the transmitted frequency
hopping signals can be received and digitized by the proposed
scheme, and the original transmitted binary codes can be recov-
ered through demodulation and other signal procession in the
digital domain afterwards. Benefited from the large working
bandwidth of the Mach-Zehnder modulator (MZM) and the
high switching speed of optical switches, the impulse response
of the receiver can be tuned within the working bandwidth of
MZM rapidly. Thus, it can receive high-speed and large-range
frequency hopping signals. The number of receiving frequency
and receiving selectivity were investigated in the previous work
to illustrate the high anti-jamming and anti-interference abilities
of the proposed receiver. To evaluate the receiving performance
of the proposed frequency hopping receiver, other significant
receiving performances are analyzed in this paper. For frequency
hopping receivers, the hopping speed is one of the key char-
acteristics since it is relevant to the anti-jamming and anti-
interception performance. For analog receivers, the receiving
linearity [4], [5], [6], [7], [8] and the receiving radio frequency
(RF) gain [9], [10], [11], [12] are two important characteristics
since they indicate the quality of the received signals by affecting
the average signal-to-noise ratio (SNR). For the average SNR
of the frequency hopping receiver, a time window with fixed
duration should be chosen, because the receiving RF gain varies
in different frequencies, and it affects the average SNR.

The paper is organized as follows. The hopping speed, the
receiving linearity, the RF gain, and the average SNR are theo-
retically analyzed in Section II. In Section III, the analyses on the
receiving linearity and the RF gain are verified in experiments.
The conclusion is presented in Section IV.

II. THEORETICAL ANALYSIS

The schematic of the proposed frequency hopping receiver
based on interference and frequency-to-time mapping is shown
in Fig. 1.

The optical pulses generated by the mode-locked laser (MLL)
are shaped by the frequency tuning module composed by ad-
justable optical interference arms for optical spectrum shaping,
and single mode fibers (SMFs) for frequency-to-time map-
ping The optical pulses after interference can be expressed
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Fig. 1. The schematic of the proposed frequency hopping receiver based
on interference and frequency-to-time mapping. MLL: mode-locked laser;
OC:optical coupler; ATT: attenuator; PC: polarization controller; SMF: single
mode fiber; MZM: Mach-zehnder modulator; PD: photodiode; LPF: low-pass-
filter; ADC: analog-to-digital convertor.

as [12], [3]

I(ω) = G(ω) · [2I0 + 2I0 · α · cos (ωτ)] , (1)

where G(ω) is the spectral profile of the MLL, τ is the time
difference between the interference arms, I0 is the optical power
within each interference arm, and α is the visibility of the spec-
tral interference. The attenuators (ATTs) and the polarization
controllers (PCs) are used to maximize α, since the visibility
of interference reaches its maximum with identical power and
polarization state within the two interference arms [13]. The
frequency-to-time mapping is conducted by a single mode fiber
with the dispersion value of Φ̈ν [14]. The shaped optical pulses
train, denoted as ps(t), can be expressed as

ps(t) =

∞∑
n=0

ps,n(t− nTs),

ps,n(t) = exp

(
− jt2

2Φ̈ν

)
· I(ω)

∣∣∣∣
ω= t

Φ̈ν

= G

(
t

Φ̈ν

)
· exp

(
− jt2

2Φ̈ν

)
· 2I0 ·

[
1 + α · cos τ

Φ̈ν

t

]
.

(2)

Then the shaped optical pulses are modulated by the receiving
frequency hopping signals in the MZM. After detected by the
photo-diode (PD), anti-aliasing filtered by a low-pass filter (LPF)
and digitized by the analog-to-digital converter (ADC) whose
sampling rate is equal to the repetition rate of the MLL, the
frequency hopping signals are digitized and filtered by the
equivalent system response [15], [16]. If the MZM is working on
the small signal condition and biased at the quadrature point, its
impulse response,hM(t), can be regarded as a cascade linear and
time-invariant system in the equivalent system response [17],
[18]. Therefore the equivalent system response, hA(t), is pro-
portional to the product of ps(t) and hE(t), the impulse response
of the electric end including all the devices from PD to ADC [17].
With (2), hA(t) can be expressed as

hA(t) = hM(t) ∗ [hE(t) · ps(−t)]

= hM(t) ∗ {hE(t)·{
N−1∑
n=0

G

(
t− nTs

Φ̈ν

)
· exp

[
j(t− nTs)

2

2Φ̈ν

]
·

[
2I0 + 2I0 · α · cos

(
τ · t− nTs

Φ̈ν

)]}}
. (3)

By rapidly tuning τ , the time difference between interference
arms, ps(t) is changed, and the receiving frequency of the
equivalent system response, τ

Φ̈ν
changes consequently [3]. Thus,

the frequency hopping signals can be received as the equivalent
system response changes its receiving frequency according to
the frequency hopping pattern.

A. Frequency Hopping Speed

The upper limit of the frequency hopping speed is determined
by the tuning speed of the shaped optical pulses and the time
to rebuild the equivalent system response. The time to tune the
shaped optical pulses, as illustrated in Fig. 1, is determined by the
switching time of the optical switches in the interference arms.
Currently, the switching time of commercial optical switches is
less than 10 ns. The requirement on the time to rebuild a stable
equivalent system response is analyzed in this section.

Suppose the frequency hopping signal hops every N × Ts,
where Ts is the sampling period of the ADC and it equals the
period of the MLL. Then the frequency response of the equiva-
lent system is the Fourier transform of the impulse response in
(3) [15], and it can be derived as

HA(ω) = HM(ω) · [HE(ω) ∗ Ps(ω)]

= HM(ω) ·
[
HA,0(ω) ∗ δ(ω) + αHA,0(ω) ∗ δ

(
ω − τ

Φ̈ν

)]
,

HA,0(ω) = 2I0 ·HE(ω) ∗
N−1∑
n=0

[
e−jnTs·ω ·G′(ω)

]
, (4)

where Ps(ω), HE(ω) and G′(ω) are the Fourier transform

of ps(t), hE(t) and G( t
Φ̈ν

) · exp [ j(t)2
2Φ̈ν

], respectively. After

frequency-to-time mapping, G( t
Φ̈ν

) is broadened in time do-

main, and its spectrum |G′(ω)| is narrowed in frequency domain
with the bandwidth of no larger than few gigahertz. Therefore,
HA,0(ω) occupies the bandwidth of less than few gigahertz.
Since ω = τ

Φ̈ν
is designed for the reception of the frequency

hopping signals transmitting at higher frequency bands, usually
larger than ten gigahertz, the two receiving bands at ω = 0 and
ω = τ

Φ̈ν
, as in the square braces in (4) doesn’t overlap. Thus, the

equivalent system frequency response can be regarded as two
passpands with identical profile, determined by HA,0(ω), and
different central frequencies at DC and ω = τ

Φ̈ν
, respectively.

If the hopping time of the received frequency hopping signal
is relatively long compared with Ts, then N → ∞. Thus, the
exponential summation in HA,0(ω) equals to the summation of
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Fig. 2. The schematic of the broadening of the equivalent system response
with limited number of sampling points, N.

delta function [2], and HA,0(ω) becomes

HA,0(ω)=2α · I0 ·
∞∑

n=0

{
δ

(
ω − n

2π

Ts

)
·G′ (ω) ∗HE (ω)

}
.

(5)

From (5), if the frequency hopping signal holds its carrier
frequency for a relatively long time, the receiving passband is
the summation of HE(ω) moved to ω = n 2π

Ts
with the coeffi-

cients determined by G′(ω), which is identical to the analysis
in [17], [16]. However, if the frequency hopping signal changes
its carrier frequency rapidly and therefore N is limited, the
summation of exponential terms inHA,0(ω) cannot be treated as
the summation of delta functions. Thus, the receiving passband
is determined by the summation of the convolution of HE(ω)

and peaks generated by
∑N

n=0 e
−jωnTs in the expression of

HA,0(ω). The smaller N is, the broader the peaks are. Thus,
the equivalent system frequency response to receive frequency
hopping signals is broadened. The schematic of the shaped op-
tical pulses, Ps(ω) and the equivalent system response, HA(ω)
with infinity and limited N are depicted in Fig. 2(a)–(d). The
passbands ofHA(ω)with infinity and limitedN are depicted to-
gether in Fig. 2(e) as a comparison, and the broadened passband
is shown in red. The limited N causes the passband distortion,
and the passband is broadened on both edges with the amount
caused by the width of the peaks. For frequency hopping signal
with fixed hopping speed, N can be increased by utilizing ADCs
with smaller sampling period of Ts. Therefore, the passband
broadening in receiving fast hopping signals can be released.
Thus, the hopping speed can be improved by using high-speed

optical switches to shorten the tuning time of the shaped optical
pulses, and by using ADC with higher sampling rate to fasten
the rebuilding of the equivalent system response.

B. Receiving Linearity

The receiving linearity of the proposed frequency hopping
receiver is mainly limited by the MZM, since the non-linearity
of the electric end can be neglected when a signal enters the
electric end with very small power. Specially, the non-linearity
of the proposed receiver is mainly caused by the thrid-order
distortions (IMD3) introduced by the MZM, because the MZM
is biased at quadrature point and the even order distortions are
suppressed. The spurious free dynamic range (SFDR) is defined
as the power of the fundamental tone to the highest power of
detectable distortions, and in this case, the power of the IMD3.
To investigate the SFDR of the proposed frequency hopping
receiver, the power of FT and IMD3 are derived. With a two-tone
RF signal, the output optical power of the MZM is

Iout(t) =
1

2
· ps(t) ·

{
1 + cos

[
2π

Vπ
(VDC +VRF1

+VRF2
)

]}

=
1

2
· ps(t) ·

{
1 + cos

[
2π

VDC

Vπ
+ 2π

VRF

Vπ

· [sin(ω1t) + sin(ω2t)]]} , (6)

where Vπ is the half-wave voltage, and ωi is the angular fre-
quency of the received two-tone signals. With Bessel functions,
the output optical intensity of the quadrature-biased MZM can
be simplified as [23],

Iout(t) =
1

2
· ps(t) + 1

2
· ps(t)

·
{
2J0

(
2π

VRF

Vπ

)
· J1

(
2π

VRF

Vπ

)
· [sin(ω1t) + sin(ω2t)]

+ 2J1

(
2π

VRF

Vπ

)
· J2

(
2π

VRF

Vπ

)
· [sin(2ω1 + 2ω2)

+ sin(2ω1 − ω2) + sin(ω1 + 2ω2) + sin(2ω2 − ω1)]

+ 2J0

(
2π

VRF

Vπ

)
· J3

(
2π

VRF

Vπ

)

· [sin (3ω1t) + sin (3ω2t)]

}
. (7)

The optical power of the FT and IMD3 are expressed in the
first and second item in the braces in (7), respectively. Thus, the
SFDR of the quadrature-biased receiver is

SFDR = 2 sin2
(
2π

VDC

Vπ

)

· J2
1

(
2π

VRF,0

Vπ

)
· J2

2

(
2π

VRF,0

Vπ

)
−N. (8)

N denotes the normalized noise floor in dBm/Hz, and VRF,0

is the received RF amplitude that equals the power of IMD3 and
N. The SFDR can be obtained by measuring the voltage of the
fundamental tone at the ADC output until the IMD3 rises from
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the noise floor. It’s worthy to note that since IMD3 is affected
by Vπ, unlike in other proposals, the SFDR of the proposed
frequency hopping receiver at different receiving frequencies
varies since the half-wave voltage of MZM varies at different
frequencies [19]. Using components with higher linearity in the
optical-electronic link and adopting non-linearity cancellation
methods [20] can improve the receiving linearity.

C. RF Gain

The RF gain of the proposed receiver is investigated based on
the microwave photonics link analysis. As shown in Fig. 1, the
received RF signals are modulated by the shaped optical pulse
train ps(t) through a quadrature-biased MZM working on the
small signal condition. In this case, the response of MZM,hM(t)
is regarded as linear. The output optical intensity containing the
received frequency hopping signals, denoted by y(t), is

Iout(t) =
1

2
ps(t) +

1

2
ps(t) · [hM(t) ∗ y(t)] . (9)

The modulated optical pulses are detected and digitized with the
period of Ts afterwards, and the digitized result is

v[n] =

{
1

2
ps(t) ∗ hE(t)

+
1

2
ps(t) · [hM(t) ∗ y(t)] ∗ hE(t)

}∣∣∣∣
t=nTs

(10)

The frequency hopping signals are modulated in the second term
in the braces, denoted as v1[n]. According to [17], [21], it can
be derived as

v1[n] =
1

2
ps(t) · [hM(t) ∗ y(t)] ∗ hE(t)

∣∣∣∣
t=nTs

=
1

2
hM(t) ∗ y(t) ∗ [ps(−t) · hE(t)]

∣∣∣∣
t=nTs

,

V1(ω) =
1

2π
·
{
1

2
HM(ω) · Y (ω) · [Ps(ω) ∗HE(ω)]

}

∗ Sδ(jω). (11)

where the function denoted by the capital letter is the Fourier
transform of the function denoted by the corresponding lower-
case. Sδ(jω) is the sampling function. To receive the frequency
hopping signal whose carrier frequency is ωc,n, the optical
switch in Fig. 1 should be switched to the path that has the
delay of τn that corresponds to the receiving passband at ωc,n.
Therefore, the HA,0(ω) in (4) is moved to ω = ωc,n for signal
receiving. Then the digitized frequency hopping signal observed
in the frequency domain can be expressed as

V1,ωc,n
(ω) =

I0
2π

HM (ωc,n) · α (ωc,n) · Y (ω) · Sδ(jω)∗{[
N−1∑
n=0

[
e−jωnTs ·G′(ω) ∗ δ

(
ω − τn

Φ̈ν

)]
∗HE(ω)

]

+

[
N−1∑
n=0

(
e−jωnTs ·G′(ω) ∗ δ(ω)) ∗HE(ω)

]}
(12)

Equation (12) indicates that the digitized signal has AC com-
ponent, as the first item in the braces, and DC component,
as the second item in the braces. Since the DC component in
the sampling spectral window indicates that the signal whose
frequency is the integer multiples of the sampling rate, it is
filtered out before procession. Only the AC component in (12) is
considered in the investigation of the receiving RF gain. Since
G′(ω) in (12) is determined by the optical spectrum of MLL
and the dispersion value introduced by the SMF in Fig 1, its
maximum, which corresponds to the maximum receiving gain
of the receiving passband, is determined by the optical power, I0.
The gain introduced byHE(ω) is denoted asK in the calculation
of RF gain. Then the RF gain,denoted as GRF , can be expressed
as

GRF (ωc,n) =
I0 ·K
2π

∣∣HM (ωc,n)
∣∣ · α (ωc,n) (13)

In (13),
∣∣HM(ωc,n)

∣∣ is the amplitude response of the MZM
at ω = ωc,n, and its value varies as the receiving frequency
ωc,n changes because of the ripples and decline introduced by
the MZM frequency response. α(ωc,n), as defined in (1), is
the visibility of the optical interference with the delay differ-
ence corresponding to the receiving angular frequency of ωc,n.
Since the switching of optical switches introduces optical power
or polarization fluctuations between two interference arms, α is
a function of ωc,n. The optical power I0, and the gain introduced
by the electric end, K, are considered as constants during the
tuning of receiving frequencies.

Equation (13) indicates that the RF gain increases with higher
optical power I0, higher MZM response |HM(ω)|, larger visibil-
ity in optical interference α(ω), and larger gain of electric end
K. In order to improve the visibility of the optical interference,
precise control methods on the optical power and polarization
state [22] are needed [3].

D. Signal-to-Noise Ratio

The analysis in Section II, C implies that the RF gain changes
as the receiving frequency changes due to

∣∣HM(ω)
∣∣ and α(ω).

The changing of the receiving gain in different receiving fre-
quency affects the average signal-to-noise ratio (SNR) of the
received frequency hopping signals. To calculate the average
SNR, all possible receiving passbands should be considered.

A time interval, denoted as Ttotal, is taken into consideration
when all the frequencies in the frequency hopping pattern are
used as the carrier frequency for the first time. If the received
frequency hopping signal has even amplitude of 1 regard-
less of its carrier frequency, the received signal amplitude at
ω = ωc,n is

v1,ωc,n
= GRF (ωc,n) =

I0 ·K
2π

∣∣HM (ωc,n)
∣∣ · α (ωc,n) . (14)

Within Ttotal, the probability intensity function of the carrier
frequency ωc,n is denoted as fωc,n

(t). Thus, the probability of
using ωc,n as the carrier frequency is

Pωc,n
=

∫ Ttotal

0

fωc,n
(t)dt. (15)
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Fig. 3. The setup of the verification experiments. MLL: mode-locked laser;
OC:optical coupler; OS: optical switch; ODL: optical delay line;: VODL:
variable optical delay line; ATT: attenuator; PC: polarization controller; SMF:
single mode fiber; RF: radio-frequency sources; MC: microwave coupler; MZM:
Mach-zehnder modulator; PD: photodiode; LPF: low-pass-filter; ADC: analog-
to-digital convertor; OSA: optical spectrum analyzer.

Within the period of Ttotal, the average received signal ampli-
tude, denoted as

∣∣v1,ωc

∣∣, is

∣∣v1,ωc

∣∣ = ∑num
n=1 Pωc,n

× Ttotal ×
∣∣v1,ωc,n

∣∣
Ttotal

=
num∑
n=1

[∫ Ttotal

0

fωc,n
(t)dt× ∣∣v1,ωc,n

∣∣], (16)

where num is the total number of receiving passbands in the
frequency hopping pattern. Suppose the noise power, Pnoise,
remains unchanged during Ttotal. Then the average SNR is

SNR =

∑num
n=1

∣∣v1,ωc

∣∣2
Pnoise

=
I0

2 ·K2

4π2 × Pnoise

×
num∑
n=1

[∫ Ttotal

0

fωc,n
(t)dt× ∣∣HM (ωc,n)

∣∣ · α (ωc,n)

]2
(17)

If the frequencies in the frequency hopping pattern are uniformly
distributed, the probability intensity function of frequency ωc,n

is fωc,n
(t) = 1

num . Then with (17), the average SNR with
uniformly distributed frequency hopping pattern, denoted as
SNRu is

SNRu =
I0

2 ·K2 ×∑num
n=1

[∣∣HM (ωc,n)
∣∣ · α (ωc,n)

]2
4π2 × num2 × Pnoise

.

(18)

III. EXPERIMENTAL VERIFICATION

To verify the theoretical analysis above, experiments on the
receiving linearity and receiving gain have been conducted based
on the experimental setup shown in Fig. 3. The MLL with the
repetition rate of 250 MHz provides the optical pulses train in
the experiments. In optical interference, the upper arm is fixed
with optical delay line (ODL), ATT and PC to compensate for

Fig. 4. Experimental results on receiving linearity. (a) measured SFDR with
receiving frequency of 7.21 GHz and (b) measured and simulated SFDR with
the receiving frequencies from 7 GHz to 21 GHz.

the length, the optical loss and polarization in the lower arm.
By switching the optical switch, the time difference between
the two interference arms is swiftly changed, and the frequency
hopping signal between two frequencies can be received. The
variable optical delay lines (VODL) are used in the lower arm
to continuously tune the time difference between the optical
interference arms so that all passbands within the working
bandwidth of the frequency hopping receiver can be investigated.
Using a 1:9 optical coupler (OC), 10% of the optical power of
the optical pulses after interference is captured by an optical
spectrum analyzer (OSA,YOKOGAWA 6370D). The rest 90%
of the optical pulses are sent into SMF to conduct frequency-
to-time mapping. The length of the SMF is ∼9.9 km, which
introduces the Φ̈ν of ∼ 1.22× 103ps2. After interference and
frequency-to-time mapping, the shaped optical pulses are sent
into a 40 GHz MZM with the adjusted polarization state identical
to that of the MZM’s to receive the test signals that are generated
by two RF sources and coupled by a DC-40 GHz microwave
coupler (MC). The two RF sources used in the experiments are
Agilent N5183B and Rohde & Schwarz SMF 100 A, both can
generate microwave signals up to 40 GHz. The bandwidth of
PD, LPF and ADC is 1 GHz, 167 MHz and 2 GHz, respectively.
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Fig. 5. The results of the experiments on RF gain, (a) the equivalent system response with different delays; (b) the experimental result of the PD responsibility;
(c) the MZM amplitude frequency response

∣∣HM (ω)
∣∣, and the visibility of the shaped optical spectrum, α(ω), that is extracted from the OSA; (d) the RF gain

calculated theoretically and the experimental results.

Thus, the bandwidth of hE(t) is 167 MHz. The sampling rate
of the ADC is identical to the repetition rate of the MLL, which
is 250MS/s.

A. Receiving Linearity

To test the receiving linearity, both RF sources are activated.
Fig. 4(a) shows the power of the fundamental tone and the
IMD3 tone with the increase of input RF power from −10 dBm
to 0 dBm to satisfy the small signal condition for the MZM.
The receiving frequency is 7.21 GHz, and the test signals are
7.199 GHz and 7.221 GHz, respectively. The IMD3 power
increases with the slope of 3 as the power of the fundamental tone
increases linearly. The power of the FT is −39.87 dBm when
the IMD3 equals the normalized noise floor of −117.1 dBm/Hz.
Thus, the SFDR at 7.21 GHz is 77.23 dBc.

Then the VODL is tuned with the step of 5 ps to investigate
SFDR variations in different receiving frequencies. After the
tuning of VODL, only one RF source is activated at first to sweep
within the working bandwidth of DC-40 GHz to determine the
current receiving frequency. With a known receiving frequency

atfc, both of the RF sources are activated and set tofc ± 11 MHz
to test the power of IMD3. Fig. 4(b) shows the measured SFDRs
of the receiving passbands from 7 GHz to 23 GHz, and the varia-
tion is below 3.2 dB. This variation is caused by the change ofVπ

with the tuning of the receiving frequency [19], as the coefficient
of sin2(2π VDC

Vπ
) in (8) is related to Vπ . The theoretical SFDR

at different receiving frequencies are calculated through (8) by
substituting the amplitude of the two-tone test signal and Vπ of
10.8 V. The difference between the simulated and tested SFDR
is less than 3.7 dB, as illustrated in Fig. 4(b). This is caused by
the changing of Vπ at different frequencies, and the frequency-
dependent RF gain of the receiving passband, as the noise dis-
torts the FT and IMD3 power more in the passbands with lower
gain.

B. RF Gain

According to the theoretical analysis and (13), the RF gain
of the proposed frequency hopping receiver is determined by
the optical power, the response of MZM, the visibility of the
optical interference and the gain introduced by the electric end.
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TABLE I
THE COMPARISON BETWEEN THE PROPOSED FREQUENCY HOPPING RECEIVER AND OTHER SCHEMES

To verify the theoretical analysis of the RF gain, an experiment
is carried out using the schematic in Fig. 3.

By setting VODL to different values, the receiving frequency
is tuned. For a fixed delay corresponding to the receiving fre-
quency of ωc,n, the optical spectrum after interference is cap-
tured by the OSA to extract α(ωc,n). Then only one RF source
is activated with fixed power of 0 dBm to sweep the frequency
range once at a time. The equivalent system amplitude-frequency
response at the swept frequency can be obtained from the output
of the ADC. Then the RF gain of the passband at ω = ωc,n

can be extracted from the equivalent system response. Fig. 5(a)
shows the equivalent system response under different delays. To
theoretically calculate the RF gain according to (13), the gain
of the electric end, K, and the response of the MZM,

∣∣HM (ω)
∣∣

are tested. The gain of the electric end is mainly introduced by
the PD with trans-impedance amplifier. The response of the PD
is tested by recording the output voltage of PD when inputting a
continuous optical wave with known power. The responsibility
of the PD used in the experiment is K = 2.1× 104 mW/mV,
and the test result is depicted in Fig. 5(b). The amplitude re-
sponse of MZM tested by a commercial vector network analyzer
is shown in Fig. 5(c), together with the visibility of the optical
spectrum after interference, α(ω). Using

∣∣HM (ω)
∣∣, α(ω), and

K tested in the experiments, the theoretical RF gain is calculated
through (13), and shown in Fig. 5(d). As a comparison, the RF
gain extracted from Fig. 5(a) is also depicted in Fig. 5(d) as the
gains in experiment. The difference between the theoretical and
the experimental result of the RF gain is less than 2 dB. Thus,
it proves the correctness of the theoretical analysis in Section
II-C.

With the assumption of utilizing uniformly-distributed fre-
quency hopping pattern, the average SNR is expressed in (19).
Substituting the measured RF gain of different passbands in
Fig. 5(d), the average SNR is

SNRu,exp = 10× log10

(
0.0128

121× Pnoise

)

= −39.75 dB − Pnoise, dB (19)

There are plenty of methods to improve the RF gain, and the
average SNR of the proposed frequency hopping receiver can
be improved consequently. For example, using a narrow-band
electric amplifier placed after the PD in Fig. 3 can improve the
SNR effectively.

Eventually, for the purpose of comparison, Table I collects
the frequency hopping range, the hopping speed together with
the SFDR and RF gain of the proposed receiver and other
microwave photonics schemes that are suitable for frequency
hopping receiving. The proposed receiver extends the frequency

hopping range from X band to Ka band with a hopping time
of 250 ns, which provides enhanced anti-interference and anti-
interception performances [1], and its RF gain is similar to other
schemes. For the moderate SFDR, it can be improved by using
balanced PD to eliminate the common-mode interference, and
other linearization methods [20].

IV. CONCLUSION

The receiving performance, including the hopping speed, the
receiving linearity and RF gain of the previously proposed fre-
quency hopping receiver based on interference and frequency-
to-time mapping have been theoretically analyzed, and the lat-
ter two have been experimentally tested. With high frequency
hopping speed, the equivalent system response to receive the
corresponding signal is broadened compared with the designed
passband, and the suppression on noise and interference is de-
graded. Utilizing MLL and ADC with higher reprtition/sampling
rate can release the degradation. The receiving linearity of
the proposed frequency hopping receiver is mainly limited by
the IMD3 introduced by the quadrature-biased MZM when
the signal entering the electric end is small. The SFDR of the
passband at 7.21 GHz is 77.23dBc, and the variance on SFDR
of different receiving frequencies from 7 GHz to 21 GHz is less
than 3.2 dB. The simulated SFDR is calculated from the test
signal power used in the experiment according to the theoretical
analysis, and it agrees well with the experimental SFDR with
the difference of less than 3.7 dB. The fluctuation in SFDR is
introduced by the shifting ofVπ and the frequency-dependent RF
gain. The RF gain of different passbands varies due to the uneven
amplitude frequency response of the MZM, and the change of
interference visibility with various time difference. The RF gain
of the receiving passbands at frequencies from 2 GHz to 40 GHz
are tested in the experiments, and calculated according to the
theoretical analysis and the parameters tested in the experiments.
The difference of the theoretical and experimental results is
less than 2 dB. The variance on RF gain at different receiving
frequencies has the impact on the average SNR when receiving
frequnecy hopping signals. With larger RF gains, the average
SNR can be increased.
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