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Modeling and Analysis of Crosstalk for
Time-Interleaved Photonic ADCs

Cheng Wang , Guiling Wu , Zhengtao Jin , and Jianping Chen

Abstract—We build a model of channel response for time-
interleaved photonic analog-to-digital converters (TIPADCs) in-
cluding interchannel and intrachannel crosstalks. The character-
istic of the channel magnitude responses of TIPADCs in the cases
with and without mismatch are analyzed under different backend
bandwidths. When a backend bandwidth is less than half of the
overall sampling rate, interchannel crosstalk will cause a periodical
variation on the corresponding channel magnitude response in
mismatch-free TIPADCs, with the period being the overall sam-
pling rate. The periodicity caused by interchannel crosstalk will be
disrupted by time mismatch in TIPADCs. The theoretical analyses
are verified by the simulation results of 2- and 4-channel TIPADCs
and experimental measurements of a 2-channel TIPADC system.

Index Terms—Crosstalk, mismatch, channel response.

I. INTRODUCTION

PHOTONIC analog-to-digital converters have the potential
of improving the performance of electronic analog-to-

digital converters (EADCs) [1]–[4]. TIPADCs have attracted
many attentions since they can reach high sampling rate and
lower the requirement for the electrical backend by adopting
wavelength division multiplexing and/or time division multi-
plexing method [2]. In TIPADCs, however, limited isolation
among channels in wavelength division multiplexers (WDMs) or
time division multiplexers (TDMs) and backend electrical band-
width in practice would result in interchannel and intrachannel
crosstalks, respectively. Williamson et al. analyzed the error of
recovered signal caused by the crosstalk occurring in demulti-
plexers after the electro-optic modulator (EOM) and predicted
the frequency response of corresponding interleaving spurs [5].
K. Furusawa et al. intuitively analyzed the temporal and spectral
crosstalk caused by WDMs in TIPADCs and their requirements
on the spectral width and repetition rate of light sources [6].
F. Su et al. analyzed the effect of intrachannel crosstalk on chan-
nel response [7]. However, the effect of interchannel crosstalk
and the combined effect of two kinds of crosstalks on the
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Fig. 1. The diagram of TIPADCs.

sampling result/output of TIPADCs have not been investigated.
The effect of crosstalk on the sampling result/output of TIPADCs
is still an open problem.

In this paper, we build a channel response model including
crosstalks for TIPADCs and analyze the effects of crosstalks
on system channel responses in the cases with and without
mismatch, respectively. When a mismatch-free TIPADC has a
backend bandwidth less than half of the overall sampling rate,
interchannel crosstalk will result in a periodical variation on
the corresponding channel magnitude response, with the period
being the overall sampling rate. For a TIPADC with mismatches,
time mismatch will result in the loss of the periodicity. The upper
limits for crosstalk and time mismatch are discussed relative to
quantization noise. 2- and 4-channel TIPADCs with different
backend bandwidths are simulated, and a 2-channel TIPADC is
experimentally measured in terms of their channel magnitude
responses. According to the model and results, one can analyze
whether a TIPADC is affected by crosstalks and which kinds of
crosstalk is the main limiting factor. The model and results can
also be applied to optimize the design of TIPADCs in terms of
mitigating the effect of crosstalks.

II. MODELING OF CHANNEL RESPONSE WITH CROSSTALKS

Fig. 1 illustrates a typical structure of a TIPADC [2], [6]–[10].
A mode-locked laser (MLL) generates an optical pulse train with
a broad spectrum and a repetition rate of fs. The optical pulse
train is sliced by a WDM to produceN sub-trains toN channels.
Corresponding time delays are introduced into the transmission
of the sub-trains, which combine to form a pulse train with
a higher repetition rate of Nfs. A Mach-Zehnder modulator
(MZM) is applied to modulate the optical pulse train with an RF
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Fig. 2. The pulse train of channel 1 after demultiplexing with interchannel
crosstalk.

signal. The modulated pulse train is then distributed by a WDM
into N channels to be digitized by EADCs, respectively.

Fig. 2 illustrates the pulse train of channel 1 for a 4-channel
system with interchannel crosstalk, which can be expressed as:

pn,crstk(t) = PA,n

N∑

m=1

γn,m

∞∑

k=−∞
pS,n,m (t− kTs − dP,m)

= PA,n

∞∑

k=−∞
p

′
S,n (t− kTs) , (1)

where PA,n is the average power of the main pulse train of
channel n. γn,m is the ratio of the pulse power crosstalking
from channel m to channel n, to the power of the main pulse
train in channel n. pS,n,m(t) is the temporal shape of a pulse
crosstalking from channel m to channel n, and dP,m is the
optical time delay of channelm relative to channel 1.Ts = 1/fs.
Denoting p

′
S,n(t) =

∑N
m=1 γn,mpS,n,m(t− dP,m), which is a

set of consecutive pulses repeating every Ts in channel n.
Due to the characteristic of the MZM, the digitized output

signal of channel n is composed of an unmodulated part and a
modulated part [7], [11]. The unmodulated part can be expressed
as:

vQ0,n[i] =
1

2
αpn,crstk(t) ∗ hE,n(t− dE,n)

∣∣∣∣
t=iTs

=
1

2
α

∫ ∞

−∞
pn,crstk(−τ)hE,n(τ − dE,n)dτ, (2)

where α is the attenuation factor of the MZM to the pulse train,
hE,n(t) represents the impulse response of backend electrical
devices, and dE,n is the electrical delay of channel n. It can be
seen that vQ0,n[i] is a DC component which is irrelevant to t and
RF signal, and does not affect the system frequency response.

Considering the modulated part, denoted as vQ1,n[i], we have:

vQ1,n[i] = hA,n(t) ∗ vI(t)|t=iTs
, (3)

where vI(t) is the RF signal and hA,n(t) is the equivalent
impulse response of channel n. From [7], the equivalent impulse
response of channel n, denoted as hA,n(t), is derived as:

hA,n(t) = −1

2
αhM (t) ∗ [pn,crstk(−t)hE,n(t− dE,n)] , (4)

where hM (t) is the small-signal impulse response of the MZM.
Thus hA,n(t) depends on the product of hE,n(t− dE,n) and
pn,crstk(−t) within the bandwidth of the MZM.

The Fourier transform of hA,n(t) is denoted as HA,n(Ω) and
can be derived as (detailed in appendix):

HA,n(Ω) = −αPA,n

2Ts
HM (Ω)

×
∞∑

k=−∞
P

′
S,n(kΩs)H

′
E,n(Ω + kΩs), (5)

where P
′
S,n(Ω) =

∑N
m=1 γn,mPS,n,m(Ω)e−jΩdP,m is the

Fourier transform of p
′
S,n(t),PS,n,m(Ω) is the Fourier transform

of pS,n,m(t), and H
′
E,n(Ω) = HE,n(Ω)e

−jΩdE,n .
When the bandwidths of PS,n,m(Ω) are much broader than

that of H
′
E,n(Ω), which is satisfied in most practical PADC

cases, the filtering effect of pulse shape can be ignored. In the
case, the temporal shapes of all pulses in channel n can be
considered approximately the same and denoted as pS(t). Thus
P

′
S,n(Ω) can be simplified as:

P
′
S,n(Ω) = PS(Ω)

N∑

m=1

γn,me−jΩdP,n = PS(Ω)Γn(Ω), (6)

where PS(Ω) is the Fourier transform of pS(t), and Γn(Ω) =∑N
m=1 γn,me−jΩdP,m .
If there is no interchannel crosstalk, which corresponds to:

γn,m =

{
1, if and only if m = n

0, others
, (7)

then (4) degenerates into:

hA,n(t) = −1
2
αPA,nhM (t) ∗

[
hE,n(t− dE,n)

×
∞∑

k=−∞
pS(t− kTs + dP,n)

]
,

(8)

which is the same as that in [7].

A. Channel Response Without Channel Mismatch

When relative optical time delays between channels are ideal,
i.e., dp,m = (m− 1)Ts/N , we have:

⎧
⎨

⎩

|Γn (kΩs) | = |Γn (kΩs +NΩs) | � Γn(0)
arg [Γn (kΩs)] = arg [Γn (kΩs +NΩs)]
arg [Γn(0)] = arg [Γn (NΩs)] = 0.

(9)

Equation (9) shows that both the magnitude and the phase of
Γn(kΩs) (|Γn(kΩs)|,arg[Γn(kΩs)]) have a periodicity ofNΩs,
and reach max values and zero at kNΩs, respectively, as shown
in Fig. 3(a) and (b). According to (6), |P ′

S,n(kΩs)| is illustrated
in Fig. 3(c). When PS(Ω) has a zero-phase in our system, the
phase response of P

′
S,n(Ω) is the same as arg[Γn(Ω)].

According to (5), within the bandwidth of HM (Ω), HA,n(Ω)
is the sum of shifting H

′
E,n(Ω) with different weights of
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Fig. 3. Illustration of (a) |Γn(kΩs)|, (b) arg[Γn(kΩs)], (c) |P ′
S,n(kΩs)|.

Fig. 4. HA,n(Ω) for (a) BE,n < Ωs/2, (b) Ωs/2 � BE,n < NΩs/2,
(c) BE,n � NΩs/2.

P
′
S,n(kΩs). Fig. 4 illustrates HA,n(Ω) of a 4-channel TIPADC

within the bandwidth of HM (Ω) and PS(Ω). For simplicity and
not losing generality, we assume H

′
E,n(Ω) has a rectangular

magnitude response, and both H
′
E,n(Ω) and PS(Ω) have zero

phase responses. When the bandwidth of H
′
E,n(Ω), BE,n, is

less than Ωs/2, HA,n(Ω) is composed of isolated duplicates
of H

′
E,n(Ω) with an interval of Ωs due to the intrachannel

crosstalk [7]. The magnitudes and phases of the duplicates have
a periodicity of NΩs due to the interchannel crosstalk. As
Ωs/2 � BE,n < NΩs/2, the adjacent duplicates of different

Fig. 5. The simulated |HA,2(Ω)| in a 2-channel TIPADC when (a) BE,2 =
100 MHz, (b) BE,2 = 135 MHz, (c) BE,2 = 2 GHz.

magnitudes and phases would overlap with each other, which
results in a continuous shape of |HA,n(Ω)| with a periodicity
of NΩs and crests locating at kNΩs. In this case, there is no
intrachannel crosstalk [7], and the periodicity is the effect of the
interchannel crosstalk. As BE,n � NΩs/2, duplicates with the
same magnitudes and phases, which have a periodicity of NΩs,
would overlap with each other and form a flat |HA,n(Ω)|. This
indicates that neither of the crosstalks affectsHA,n(Ω). Now the
bandwidth of HA,n(Ω) is decided by HM (Ω) as well as PS(Ω).

Fig. 5 shows the magnitude responses of channel 2 under
different BE,n in a 2-channel TIPADC simulated by VPItrans-
missionMaker Optical Systems. In the simulation, the repetition
rate of optical pulses is 250 M/s, the channel intervals of WDMs
are 200 GHz, and each channel has a shape of 2-order Gaussian
function and a bandwidth of 150 GHz. 2-order Butterworth
lowpass filters (LPF) with bandwidths of 100 MHz, 135 MHz
and 2 GHz are applied after photodetection in channel 2, respec-
tively. As shown in Fig. 5, both |HA,2(Ω)| in (a) and (b) have
a periodicity of 500 MHz (2Ωs), while in Fig. 5(c) it becomes
flat. The 500 MHz-periodicity of |HA,2(Ω)| is caused by the
interchannel crosstalk in the 2-channel TIPADC with a single
channel sampling rate of 250 M/s. Just as indicated by the above
theoretical analysis, there exist ripples in Fig. 5(a) and (b) since
100 MHz and 135 MHz are less than NΩs/2 (250 MHz). The
ripples are flattened in Fig. 5(c) as 2 GHz is larger than NΩs/2,
duplicates of the same magnitudes and phases are able to overlap
with each other. We can also see that |HA,2(Ω)| in Fig. 5(a) is
composed of isolated duplicates of H

′
E,2(Ω) while in Fig. 5(b)

it becomes continuous. This is because the adjacent duplicates
with BE,2 of 100 MHz are too narrow to overlap with each
other, while the adjacent duplicates with BE,2 of 135 MHz are
broad enough to overlap with each other and form a continuous
|HA,2(Ω)| [7].

A 4-channel TIPADC is simulated and the magnitude re-
sponses of channel 2 under different BE,n are shown in Fig. 6.
In this case, both |HA,2(Ω)| in (a) and (b) have a periodicity of
1 GHz (4Ωs), while in (c) it becomes flat. The 1 GHz-periodicity
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Fig. 6. The simulated |HA,2(Ω)| in a 4-channel TIPADC when (a) BE,2 =
100 MHz, (b) BE,2 = 135 MHz, (c) BE,2 = 2 GHz.

of |HA,2(Ω)| is caused by the interchannel crosstalk in the 4-
channel TIPADC. |HA,2(Ω)| in Fig. 6(a) is composed of isolated
duplicates of H

′
E,2(Ω) while in Fig. 6(b) it becomes continuous.

The ripples in Fig. 6(a) and (b) are flattened in Fig. 6(c) due to
the large BE,2 of 2 GHz.

From Fig. 5, Fig. 6 and (5), it can be seen that when
BE,n < Ωs/2, the magnitudes of signals at kΩs are determined
by only one weighted duplicate of H

′
E,n(Ω), which means

that the interchannel-crosstalk-affected Γn(kΩs) can easily be
identified. In the case, an upper limit of interchannel crosstalk
can be analyzed relative to the ENOB of the used EADC. Take
channel 1 of a 2-channel TIPADC as an example. When there
is interchannel crosstalk, the difference between the maximum
and minimum amplitudes of the analog signal at kΩs(k ∈ Z)
can be expressed as:

ΔAmp

= max{Amp(kΩs)} −min{Amp(kΩs)}

=
1

π
max {|HA,1 (kΩs)|} − 1

π
min {|HA,1 (kΩs)|} , (10)

where Amp(kΩs) denotes the amplitude of the analog signal of
kΩs carried by the electrical pulse train before quantization. To
ignore the effect of interchannel crosstalk relative to quantization
noise, the maximum and minimum amplitudes of the analog sig-
nal at kΩs should be quantized to the same level, just as the case
without interchannel crosstalk. Since the frequency response of
channel without mismatch has the maximum magnitude at2kΩs,
we assume that the modulated part of the electrical pulse train
for the modulating signal at this frequency is quantized at the full
scale of the EADC, according to the most common configuration
in practice, i.e., the full-scale range (FSR) is 2Amp(2kΩs). In
the case, we have:

ΔAmp � 1

2
LSB ⇒ γ1,2

γ1,1
� 1

2b+1 − 3
. (11)

where LSB = FSR/(2b − 1), is the least significant bit and b is
the ENOB of the EADC.

For example, when b = 12 bits, γ1,2 should be less than
0.00012γ1,1 to ignore the effect of interchannel crosstalk. When
(11) is satisfied, all the magnitudes of duplicates are the same
in |HA,1(Ω)|. With the increase of BE,1, the effect of the inter-
channel crosstalk is still negligible. When N > 2, the frequency
position of duplicates with the smallest magnitude is unsure
unless the exact values of γn,m are given, then a judgment for
the level of the interchannel crosstalk can be presented according
to (10).

B. Channel Response With Channel Mismatch

In practical time-interleaved analog-to-digital converters
(TIADCs), there are offset, gain, and time mismatches between
different channels [12]–[16]. For TIPADCs, in addition to the
mismatches caused by backend-EADCs and transmission paths,
which are similar to those in TIEADCs, there are mismatches
introduced by optical devices like MZM, Erbium-doped optical
fiber amplifier (EDFA), WDMs, photodetectors (PDs) and so on.
Channel mismatches interfere with the interleaving of multiple
channels and result in spectral spurs in the output, which degrade
the system’s SNR, SFDR, and ENOB [17], [18].

When taking into consideration the mismatches, the model of
channel response could be updated. Offset mismatch does not
affect |HA,n(Ω)| according to (2). Gain mismatch can be taken
into account by changing γn,m and PA,n numerically, whose
effects on |HA,n(Ω)| have been discussed in subSection II-A.
Time mismatch can happen both in dP,n and dE,n. dE,n only
affects the sample position on the modulated electrical pulses,
and its mismatch has the similar effect as gain mismatch [18].

Mismatch of dP,n will affect the sample position on the RF
signal. For a mismatched dP,m which is composed of an ideal
d̃P,m and an error Δtm, we have:

Γn(Ω) =

N∑

m=1

γn,me−jΩd̃p,me−jΩΔtm , (12)

and:
⎧
⎪⎪⎨

⎪⎪⎩

|Γn (kΩs)| �= |Γn (kΩs +NΩs)|
|Γn (kΩs)| � Γn(0)
arg [Γn (kΩs)] �= arg [Γn (kΩs +NΩs)]
arg [Γn(0)] = 0.

(13)

Equation (13) indicates that both |Γn(kΩs)| and
arg[Γn(kΩs)] lose the periodicity compared with (9), but
still reach the maximum |Γn(0)| and 0 at the zero frequency,
respectively.

A 2-channel TIPADC with Δt2 = 0.2 ns and different BE,2 is
simulated and the corresponding |HA,2(Ω)| are shown in Fig. 7.
Other simulation parameters are the same as those in Fig. 5. As
shown in Fig. 7, when BE,2 = 100 MHz < Ωs/2, |HA,2(Ω)|
is composed of duplicates of H

′
E,2(Ω) with an interval of

250 MHz, but the magnitudes of duplicates are aperiodic as each
duplicate is disturbed by Δtm. When Ωs/2 � BE,2 < NΩs/2,
adjacent duplicates of 250 MHz-interval overlap with each other
and form a continuous but aperiodic |HA,2(Ω)|. When BE,2 =
2 GHz � NΩs/2, for each RF signal frequency, HA,2(Ω) is
composed of so many duplicates ofH

′
E,2(Ω), each with different
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Fig. 7. The simulated |HA,2(Ω)| in a 2-channel TIPADC with time mismatch
when (a) BE,2 = 100 MHz, (b) BE,2 = 135 MHz, (c) BE,2 = 2 GHz.

Fig. 8. The simulated |HA,2(Ω)| in a 4-channel TIPADC with time mismatch
when (a) BE,2 = 100 MHz, (b) BE,2 = 135 MHz, (c) BE,2 = 2 GHz.

magnitudes and phases, that the aperiodicity is weakened with
the large BE,2. As a result, |HA,2(Ω)| is nearly flat.

A 4-channel TIPADC with Δt2 = 0.2 ns and different BE,2

is simulated and the corresponding |HA,2(Ω)| are shown in
Fig. 8. Other simulation parameters are the same as those
in Fig. 6. Similar to Fig. 7, when BE,2 = 100 MHz < Ωs/2,
|HA,2(Ω)| is composed of duplicates of H

′
E,2(Ω) with an in-

terval of 250 MHz, but the magnitudes of duplicates are ape-
riodic. When Ωs/2 � BE,2 < NΩs/2, adjacent duplicates of
250 MHz-interval overlap with each other and form a continu-
ous but aperiodic |HA,2(Ω)|. When BE,2 = 2 GHz � NΩs/2,
|HA,2(Ω)| is nearly flat.

As analyzed above, for a signal of kΩs being digitized
by a TIPADC with interchannel crosstalk, there is amplitude
difference between the outputs in the cases with and without
time mismatch. In order to ignore the effect of interchannel
crosstalk relative to quantization noise, the difference (denoted
as ΔAmp

′
n) should be submerged in quantization noise. De-

noting the frequency response of channel n in the case with
and without time mismatch as H1

A,n(kΩs) and H0
A,n(kΩs),

respectively. Denoting Γ1
n(kΩs) and Γ0

n(kΩs) are Γn(kΩs)

corresponding to the system with and without time mismatch,
respectively. The amplitude of the analog signal of Ω carried by
electrical pulse train before quantization in the case with and
without time mismatch is denoted as Amp1n(Ω) and Amp0n(Ω)
for channel n, respectively. Take a 2-channel TIPADC as an
example. Within the bandwidth of the modulator and the optical
pulse, when BE,n < Ωs/2, ΔAmp

′
n(kΩs) is:

ΔAmp
′
n(kΩs) =

∣∣Amp1n(kΩs)−Amp0n(kΩs)
∣∣

=
1

π

∣∣|H1
A,n(kΩs)| − |H0

A,n(kΩs)|
∣∣

=
αP ′

A,n

2πTs
|HM (kΩs)PS(kΩs)HE,n(kΩs)|

× ∣∣|Γ1
n(kΩs)| − |Γ0

n(kΩs)|
∣∣ , (14)

Considering that |H0
A,1(2 kΩs)|has the maximum magnitude,

the modulated part of the electrical pulse train in a system
without time mismatch is assumed to be quantized at full scale
when the modulating signal has a frequency of 2kΩs. In the
configuration, for channel 1, i.e., γ1,1 = 1, in order to ignore the
effects of the time mismatch relative to the quantization noise,
we should have:

ΔAmp
′
1(kΩs) �

1

2
LSB

⇒ ∣∣|Γ1
1 (kΩs) | − |Γ0

1 (kΩs) |
∣∣ � 1 + γ1,2

2b − 1
, (15)

where b is the ENOB of the EADC. (15) guarantees that
Amp11(2kΩs) is not less than the upmost decision level, thus
Amp01(2kΩs) and Amp11(2kΩs) are both quantized to the up-
most quantization step of the EADC. As for the frequency of
(2k + 1)Ωs, the values ofAmp01[(2k + 1)Ωs] andAmp11[(2k +
1)Ωs] are both uncertain, (15) can only guarantee that the
difference between the quantized results of them is not more
than one quantization step. Take channel 1 as reference channel
which has no time mismatch, i.e., Δt1 = 0. According to (12),

∣∣|Γ0
1 (kΩs) | − |Γ1

1 (kΩs) |
∣∣

=

∣∣∣∣∣

√

1 + γ2
1,2 + 2γ1,2e−jπk cos

(
2πkΔt2

Ts

)

− (
1 + γ1,2e

−jπk
)
∣∣∣∣∣. (16)

From (15) and (16), we have the upper limit of |Δt2|:
max {|Δt2|} =⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

k = 0,±2,±4, . . . :

Ts

2πk arccos

{
1

2γ1,2

[
(1 + γ1,2)− 1+γ1,2

2b−1

]2
− 1+γ2

1,2

2γ1,2

}
,

k = ±1,±3,±5, . . . :

Ts

2πk arccos

{
1+γ1,2

2γ1,2
− 1

2γ1,2

[
(1− γ1,2) +

1+γ2
1,2

2b−1

]2}
.

(17)

below which the amplitude disturbance caused by the time
mismatch can be ignored relative to quantization noise in the
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TABLE I
max{|Δt2|} FOR DIFFERENT FREQUENCY RANGES

Fig. 9. Experiment setup. MLL: Mode-Locked Laser; OC: Optical Coupler;
ODL: Optical Delay Line; FRM: Faraday Rotator Mirror; EDFA: Erbium-Doped
Optical Fiber Amplifier; PC: Polarization Controller; MZM: Mach-Zehnder
Modulator; PD: Photodiode; LPF: Low Pass Filter; PLL: Phase-Locked Loop.

frequency range of [0, kΩs]. Table I illustrates the max{|Δt2|}
under different frequency ranges when the repetition rate of
MLL is 100 MHz, b = 12 bits and γ1,2 = 0.3.

Although (11) is discussed without mismatch, the
condition of (10) guarantees that (11) is the strictest
acceptable constraint range of the interchannel crosstalk
applicable for any time mismatch. This is because
time mismatch disturbs |H0

A,1(kΩs)| and results in
|H1

A,1(kΩs)|, but max{|H1
A,1(kΩs)|} � max{|H0

A,1(kΩs)|}
and min{|H1

A,1(kΩs)|} � min{|H0
A,1(kΩs)|}. Under the

constraint of (11), the interchannel crosstalk is small enough
and the frequency response of a single channel is nearly
independent of other channels, thus it is not affected by time
mismatch.

III. EXPERIMENTS

We build a 2-channel TIPADC and the schematic is illustrated
in Fig. 9. A passive mode-locked fiber laser (MLL) (Precision
Photonics, FFL1560) generates a pulse train at a repetition rate
of 36.456 MHz with an average power of 10 mW and a pulse
width of 70 fs. The pulse train is split by an optical coupler
(OC). One part is used to drive the phase-locked loop (PLL) to
generate a clock for digitization. The repetition rate of the other
part is doubled by a circulator, a waveshaper (Finisar, 16000),
tunable delay lines and 2 Faraday rotator mirrors (FRMs). The
waveshaper is used as a channel bandwidth- and interval-tunable
WDM. After amplified by an EDFA, the pulse train is modulated
in an MZM by RF signal. The MZM has a half-wave voltage
of about 4.5 V and is biased at quadrature. The power of the
RF signal is set to be 0 dBm to reduce the nonlinearity. The
modulated pulse train is demultiplexed by another waveshaper
(Finisar, 4000S) which has the same channel configuration as
the former one. Finally, the demultiplexed pulse train of each
channel, which has a repetition rate of 36.456 MHz, is detected
by the same PD, filtered by an LPF, and sampled as well as
digitized by an ADC/digitizer (Keysight, M9703 A).

Both 2 channels are of the 2-order Gaussian function shapes
with a bandwidth of 200 GHz and locate at 192.2 THz and

Fig. 10. (a) Spectrum of 2 channels, (b) Pulse trains of 2 channels.

192.4 THz, respectively, as shown in Fig. 10(a). The pulse
trains of 2 channels after the PD are shown in Fig. 10(b). In
each channel, crosstalk pulses insert between the main pulse
train. The lower amplitude of the main pulse train in channel 2
compared with that of channel 1 is due to the larger attenuation
of the corresponding FRM, which means the relative effect of
the interchannel crosstalk in channel 2 is more evident than that
in channel 1.

The normalized magnitude responses of 2 channels under 3
backend bandwidths without time mismatch are shown in Fig. 11
and Fig. 12. When LPFs bandwidth of 14 MHz and 24.5 MHz are
applied respectively, since they have the narrowest bandwidths
compared with all the other running electronic devices from the
photodiode to the EADC, the backend bandwidths approximate
to the bandwidths of applied LPFs, respectively. When there is
no LPF applied, the backend bandwidth is limited to 1.2 GHz
by the EADC. As BE,n = 14 MHz < Ωs/2, both |HA,n(Ω)| of
channel 1 and 2 are composed of isolated duplicates ofH

′
E,n(Ω)

with alternate magnitudes and an interval of 36.456 MHz, and
have a periodicity of 72.912 MHz. As the relative interchannel
crosstalk in channel 2 is severer than that in channel 1, the
magnitude difference between the duplicates is larger in channel
2. WhenBE,n = 24.5 MHz � Ωs/2 (18.228 MHz) but less than
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Fig. 11. |HA,1(Ω)| with BE,1 of: (a) 14 MHz, (b) 24.5 MHz, (c) 1.2 GHz.

Fig. 12. |HA,2(Ω)| with BE,2 of: (a) 14 MHz, (b) 24.5 MHz, (c) 1.2 GHz.

Fig. 13. |HA,1(Ω)| with time mismatch and BE,1 of: (a) 14 MHz,
(b) 24.5 MHz, (c) 1.2 GHz.

NΩs/2 (36.456 MHz), adjacent duplicates of 36.456 MHz over-
lap with each other and result in peaks at the two sides of each
duplicate locating atΩs/2 + kΩs. The troughs of the magnitude
responses locating at kΩs are still magnitude-alternately and
the magnitude responses have a periodicity of 72.912 MHz.
When BE,n = 1.2 GHz � NΩs/2, duplicates with the same
magnitudes and phases overlap with each other and form a nearly

Fig. 14. |HA,2(Ω)| with time mismatch and BE,2 of: (a) 14 MHz,
(b) 24.5 MHz, (c) 1.2 GHz.

Fig. 15. (a) Pulse trains of 2 channels without time mismatch, (b) |HA,1(Ω)|
without time mismatch, (c) |HA,2(Ω)| without time mismatch.

flat |HA,n(Ω)|, which is mainly determined by the non-ideal
response of the system. This non-ideal response also disturbed
the periodicity in Fig. 11(a) and (b) in low frequency.

The channel magnitude responses with time mismatch are
measured and shown in Fig. 13 and Fig. 14. Time mismatch of
about 0.8 ns is introduced by adjusting the tunable delay line in
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channel 2. Compared with Fig. 11 and Fig. 12, when BE,n =
14 MHz and 24.5 MHz, |HA,n(Ω)| lose the periodicity of
72.912 MHz since the magnitude of each duplicate is disturbed
by the time mismatch. When BE,n = 1.2 GHz � NΩs/2, du-
plicates are so broad that at each frequency |HA,n(Ω)| is com-
posed of many duplicates with different magnitudes and phases,
resulting in nearly flat magnitude responses for both channel 1
and channel 2.

Fig. 15(a) shows the pulse trains of 2 channels after PD and the
corresponding channel magnitude responses when the shapes
of 2 channels are 4-order Gaussian function. Both 2 channels
still have a bandwidth of 200 GHz and locate at 192.2 THz
and 192.4 THz, respectively. There is no time mismatch intro-
duced intentionally in the system. Compared with Fig. 10(b),
the lower amplitude of crosstalk pulses indicates that given the
same bandwidth and channel interval, 4-order Gaussian function
shape performs better in resisting the interchannel crosstalk.
Accordingly, the magnitude difference between the duplicates
of H

′
E,n(Ω) is much smaller in both 2 channels when backend

bandwidth is 14 MHz compared with Fig. 11(a) and Fig. 12(a).

IV. CONCLUSION

We establish the model of channel response including inter-
channel and intrachannel crosstalks for TIPADCs. The effects
of crosstalks on the channel magnitude responses in the cases
with and without mismatch are analyzed under different backend
bandwidths. The upper limit of crosstalk and time mismatch are
investigated by comparing with quantization noise. 2- and 4-
channel TIPADCs with and without time mismatch are simulated
under different backend bandwidths. The results are consistent
with the theoretical analysis. The channel magnitude responses
of a 2-channel TIPADC system are experimentally measured
under different backend bandwidths, interchannel crosstalk lev-
els, time mismatches and channel shapes, respectively. The
experimental results verify the theory and simulation. When
interleaving multiple channels, crosstalks will lead to frequency
response mismatch. Based on the response of the single channel,
the amplitude and phase of the output signal and the interleaving
spurs can be obtained for any RF input signal.

APPENDIX

This appendix presents the derivation of the channel response
in (5).

HA,n(Ω)

= − 1

2
αHM (Ω)×

{
1

2π
HE,n(Ω)e

−jΩdE,n

∗
[
PA,n

2π

Ts

∞∑

k=−∞
P

′
S,n(kΩs)δ(−Ω− kΩs)

]}

= − αPA,n

2Ts
HM (Ω)

{
HE,n(Ω)e

−jΩdE,n

∗
[ ∞∑

k=−∞
P

′
S (kΩs) δ (Ω + kΩs)

]}

= − αPA,n

2Ts
HM (Ω)

[ ∞∑

k=−∞
P

′
S(kΩs)

× HE,n(Ω + kΩs)e
−j(Ω+kΩs)dE,n

]

= − αPA,n

2Ts
HM (Ω)

∞∑

k=−∞
P

′
S(kΩs)H

′
E,n(Ω + kΩs).

(18)
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