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Abstract: We report an end-to-end analytic model for the computation of the figures of nerit
(FOMs) of arbitrarily filtered and amplified heterodyne coherent microwave photonics (MWP)
links. It is useful for evaluating the performance of complex systems where the final stage is
employed for up/down-converting the radio frequency (RF) signal. We apply the model to a
specific case of complex system representing the front-haul segment in a 5G link between the
central office and the base station. The model can be however applied to a wider range of cases
combining fiber and photonic chip elements and thus is expected to provide a useful and fast tool
to analyze them in the design stage.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Emerging applications such as 5/6 G mobile communications, Internet of Things (IoT) and
industry 4.0 call for MWP systems with increased complexity [1–3] to provide a smooth interface
between optical fiber-based transport networks and wireless edge segments. Complex MWP can
perform in-flight arbitrary optical signal processing tasks and this feature can be modelled by
including an arbitrary passive filter transfer function H(ω) in the optical part of the link [4]. Several
works [4–7] have reported the derivation of the fundamental figures of merit of these complex
systems for direct and self-heterodyne detection. At the same time, as complexity grows and/or
more distance is covered by MWP systems, losses increase requiring the incorporation of optical
amplification to improve the link performance [8]. Recent papers [9,10] have reported analytical
models for amplified arbitrary filtered MWP links under direct detection and for amplified
self-heterodyne frequency converters respectively. In this last reference, full expressions for
the gain, Noise Figure (NF), and dynamic ranges have been derived although in the absence of
optical filtering.

Another class of MWP systems exploits the receiver stage to provide the desired RF frequency
up-conversion prior to antenna radiation [11]. This is achieved by coherent heterodyne detection,
where a local laser oscillator is combined with the link signal instead of using the same input
laser subject to parallel modulation by the RF and the local oscillator as proposed by Bottenfield
and co-workers [10]. Here, we report an end-to-end model for these systems under arbitrary
passive filtering and amplification. The model provides the expressions for the main FOMs for
the case of In-phase and Quadrature (IQ) modulation. A distinctive feature of this model as
compared to others reported before [8–10] is that it accounts for the impact of an arbitrary large
chain of amplifier plus filter sections. These sections do not need to be identical, furthermore,
they can be individually different. Thus, it can be applied to systems ranging from very simple to
very complex configurations by scaling the number of sections in the system.

The paper is organized as follows: Section 2 provides the details of the analytic model including
the equations for the constituent blocks and the derivation of the linear and nonlinear signal
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components at the system output and the different relevant noise sources. Section 3 builds upon
the results derived in section 2 to provide the analytical expression for the system FOMs. In
section 4, we discuss the applicability and features of the model and use it to an application
example.

2. Analytical model

2.1. System under consideration

Figure 1 shows the layout of the system under consideration. As it can be appreciated, it is
composed of five main blocks: An input CW laser, the I-Q modulator, the arbitrary filtered and
amplified chain, the local oscillator and the balanced detection stage. We briefly describe each
one of them in the following subsections.

Fig. 1. Coherent heterodyne MWP system with arbitrary filtering and amplifying stages
layout under consideration.

2.1.1. CW laser

This provides the input optical field to the system, defined as:

Ein(t) =
√︁

Pine(jω0t) (1)

where Pin is optical power at the optical carrier frequency ω0 [4].

2.1.2. I-Q modulator

Since we are dealing with a coherent detection system, we choose an I-Q modulator as an external
device to modulate the RF information onto the laser intensity provided by the CW laser. By
doing so, we can independently model the FOMs for each signal component. Note that we can
always obtain particular FOM expressions for the single-drive Mach-Zehnder modulator case.
The I-Q modulator electric field model corresponds to a dual parallel Mach-Zehnder modulator
(DPMZM) shown in Fig. 2 and can be derived by suitable extension of the dual-drive MZM
device presented in [4]:

Referring to Fig. 2 we consider the practical case where in-phase and quadrature dc bias values
are equal ϕdc,i=ϕdc,q=ϕdc=πVdc/Vπ and ϕdc,c = πVdc, c/Vπ =π/2. In these expressions Vdc is
the DC voltage applied to the modulator ports and Vπ is the voltage required to achieve a half
wave phase shift. The input in-phase RF signal is composed of two voltage tones with equal
amplitudes Vrf,i (ϕrf,i=πVrf,i/Vπ) placed at angular frequencies Ω1 and Ω2, while the quadrature
RF signal is also composed of two tones with equal amplitudes Vrf,q (ϕrf,q=πVrf,q/Vπ) again
placed at angular frequencies Ω1 and Ω2. After a lengthy but straightforward process, we arrive
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Fig. 2. Internal layout and signals (voltage and associated phase shift) in the Dual Parallel
Mach-Zehnder Modulator considered in this work for I-Q modulation. Each arm contains an
independent Mach Zehnder modulator and the lower arm includes an additional phase shift
stage to provide the required π/2 delay between the in-phase and quadrature components.

at the following expression for the output field from the I-Q modulator.

Es0(t) =
j
2
√︁

PinαDPMZMejω0t

×

[︄
∞∑︂

n=−∞

∞∑︂
m=−∞
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Jn
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ϕrf ,i

2
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Jm
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ϕrf ,i

2

)︃
+ jJn
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(2)

where αDPMZM represents the insertion losses of the modulator, Jn(x) the nth order Bessel function
of the first kind, j =

√
−1 and the Fourier coefficients Bn,m are given by:

Bn,m,i(q) =
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ej φdc

2 − (−1)m+ne−j φdc
2

2j
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=
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sin
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φdc
2

)︂
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−j cos
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φdc
2
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m + n odd

(3)

2.1.3. Arbitrary amplifier-filter chain

The internal configuration of this block is shown in Fig. 3. Each stage “i” is composed of an
optical amplifier given by a power gain Gi and an amplified spontaneous emission (ASE) noise
photon number Ni= nspi(Gi-1), where nspi represents the population inversion of the amplifier.
The second element of the block is an arbitrary filter given by its complex-valued optical field
transfer function Hi(ω).

Fig. 3. Internal configuration of the arbitrary amplifier plus filter chain. It is composed of
N amplifier plus filter stages, which can individually different.

Note that the input signal to each stage “i” is the field Ei−1(t), which is composed of a signal
part, that is the result of the input signal amplified and filtered by the i-1 previous stages and
a noise component that is due to the ASE noise generated and filtered by stage “i-1” and the
amplified and filtered cumulative ASE noise generated by stages “1”, “2”. . . ”i-2”. The only
exception is E0(t) that contains no ASE noise component. The output field from the amplifier
filtered chain is labelled as Eout(t).
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2.1.4. Local oscillator

The local CW oscillator is placed at one of the 2 inputs of the balanced detection stage. Its
purpose is to beat with Eout(t) providing an RF up-converted signal at the overall system output.
The local oscillator provides an input optical field to the balanced detector given by:

Elo(t) =
√︁

Ploe(jωlot) (4)

where Plo is optical power and ωlo the emited optical frequency. We define the difference
between both optical carrier frequency as intermediate optical frequency (|ωo - ωlo | =ωif), which
represent the value by which the detected RF signal is up-scaled or down-scaled.

2.1.5. Balanced detection stage

Finally, the balanced detection stage is composed by a 3 dB (i.e. k= 1/2) 2× 2 coupler that mixes
Eout(t) and Elo(t) yielding their sum and difference at its outputs. A pair of identical and equal
responsivity photodetectors detect them respectively and their photocurrents subtracted. In this
way, all common mode currents are supressed to produce the output beating current Iout(t):

Iout(t) = jℜ{[EloE∗
sN−E∗

loEsN] + [EloE∗
ASEN−E∗

loEASEN]} (5)

where ℜ represents the photodetector responsivity and * denotes the complex conjugate.

2.2. Signal and noise sources

2.2.1. Linear signal

Using the models described in section 2.1 for the different system blocks, assuming small-signal
approximation and following a similar procedure to that reported in [9] we obtain the following
values for the in-phase and quadrature photocurrents corresponding to the linear output produced
in response to an input sinusoidal current at Ω1,:

Iout,i(q)(Ω1, t) ≈ ℜ
√︁

PinPloGαDPMZM

(︃
ϕrf ,i(q)

4

)︃
cos

(︃
ϕdc

2

)︃
|H(ωo +Ω1)| sin[(ωif +Ω1)t + ϑH]

(6)
where:

G =
N∏︁

k=1
Gk

H(ω) =
N∏︁

k=1
Hk(ω)

(7)

H(ω) represents the overall system transfer function (including losses) and θH is a phase factor.
From (6)– (7), it is straightforward to compute the corresponding RF power offered to a load

resistor Rout:

PRF(out),i(q)(Ω1) =
1
T

∫ T

0
I2

out,i(q)
(Ω1)Routdt

=
ℜ2RoutPinPloGαDPMZMϕ

2
rf ,i |H(ωo +Ω1)|

2

32
cos2

(︃
ϕdc

2

)︃
(8)

2.2.2. Nonlinear signal beating terms

Using the same procedure, we can obtain the in-phase and quadrature components of nonlinear
second and third-order beating photocurrents in response to an input sinusoidal current composed
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of one tone at Ω1 and another at Ω2.

Iout,i(q)(Ω1 −Ω2, t) ≈
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It is also convenient to compute the corresponding RF powers offered to a load resistor Rout:

PRF_2,i(q)(Ω1 −Ω2) =
1
T

∫ T

0
I2

out,i(q)
(Ω1 −Ω2, t)Routdt

=
ℜ2PinPloαDPMZMGRout

2

(︃
ϕrf ,i(q)

4

)︃4
sin2

(︃
ϕdc

2

)︃
|H(ωo +Ω1 −Ω2)|

2

PRF_3,i(q)(2Ω1 −Ω2) =
1
T

∫ T

0
I2

out,i(q)
(2Ω1 −Ω2, t)Routdt

= ℜ2 PinPloαDPMZMGRout

8

(︃
ϕrf ,i(q)

4

)︃6
cos2

(︃
ϕdc

2

)︃
|H(ωo + 2Ω1 −Ω2)|

2

(10)

2.2.3. Amplified spontaneous emission noise

ASE noise is a fundamental source of degradation in amplified systems. To model the electric
field corresponding to a given amplifier we employ the spectral-bin technique proposed by
Desurvire [12]. The noise spectrum is then given by the sum of contributions corresponding to
2M+1 adjacent spectral bands of width δω. For amplifier 1 this model gives:

EASE1(t) =
√︁
ℏωoδω

M∑︂
k=−M

√︁
N1H1(ωo + kδω)ej[(ωo+kδω)t+ϕ1,k] (11)

where ℏ is the Planck angular constant and φ1,k represent independent random phases. For
amplifier 2, the overall ASE noise field is composed of its own generated and filtered spontaneous
amplified emission plus the amplified and filtered incoming ASE from the first amplifier. Thus:

EASE2(t) =
√︁
ℏωoδω
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A similar argument runs for subsequent stages so for amplifier N, the overall ASE noise field
is given by:
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(13)
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ASE leads to several noise contributions after detection. In direct detection system both the
signal-ASE and the ASE-ASE beat noise sources are dominant, but for balanced heterodyne
detection these are in fact cancelled, leaving the ASE-local oscillator beat noise as the relevant
contribution. The ASE-lo noise field is given by:

IASE−lo(t) = jℜ[EloE∗
ASEN−E∗

loEASEN]

= 2ℜ
√︁
ℏωoδωPlo

M∑︂
k=−M

|HFANC(ωo + kδω)| sin[(ωif + kδω)t + ϑHFANC,k ] (14)

It is straightforward to verify that:

⟨IASE−lo(t)⟩ = 0⟨︁
I2
ASE−lo(t)

⟩︁
= 2ℜ2RoutℏωoPlo |H(ωo)|

2Neq(ωo)Bo,eq
(15)

where Bo,eq is the equivalent optical bandwidth of the arbitrary filter and amplifier chain and
Neq(ω) its equivalent ASE photon number parameter:

Neq(ω) = G
[︃
N1
G1
+
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G1G2 |H1(ωo + kδω)|2
+
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G
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Using (14)– (16), one gets:

σ2
ASE−lo =

⟨︁
I2
ASE−lo(t)

⟩︁
−
⟨︁
IASE−lo(t)

⟩︁
= 2η2INIloRout |H(ωo)|

2

IN = eNeq(ωo)Bo,eq

Ilo = (e/ℏωo)Plo

(17)

where η is the detector quantum efficiency and e is the electron charge. From (17) we finally
obtain the noise spectral density and its corresponding power over an electric bandwidth Be.

NASE−lo(f ) =
4η2INIloRout |H(ωo)|

2

Bo,eq

NASE−lo =
4η2INIloRout |H(ωo)|

2Be

Bo,eq

(18)

2.2.4. Shot noise sources

There are three main shot noise sources due to the signal, local oscillator and ASE. For the
shot-signal noise we have:

Nshot−signal(f ) = 2e(IDCs,up + IDCs,down)Rout (19)

where IDC,up(down) represent the direct currents due to the signal in the upper and lower branches
of the balanced detector. The optical field DC component at the output of the optical system is



Research Article Vol. 30, No. 5 / 28 Feb 2022 / Optics Express 6525

given by:

EsN,DC(t) =
j
2
√︁

PinαDPMZMGejω0t sin
(︃
ϕdc

2

)︃
(1 + j)H(ωo) (20)

From (20):

IDCs,up = IDCs,down = ℜ

⟨︄
|EsN,DC(t)|2

2
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So the noise spectral density and its corresponding power over an electric bandwidth Be for
the shot-signal noise are given by:

Nshot−signal(f ) = eηISGαDPMZMsin2
(︃
ϕdc

2

)︃
|H(ωo)|

2Rout

Nshot−signal = eηISGαDPMZMsin2
(︃
ϕdc

2

)︃
|H(ωo)|

2RoutBe

IS = ePin/ℏωo

(22)

Using similar arguments and recalling the lo field given by (4), we get the noise spectral density
and its corresponding power over an electric bandwidth Be for the local oscillator shot noise:

Nshot−lo(f ) = 2eηIloRout

Nshot−lo = 2eηIloRoutBe

Ilo = ePlo/ℏωo

(23)

Finally, using (13) we get the noise spectral density and its corresponding power over an
electric bandwidth Be for the ASE shot noise:

NASE−shot(f ) = 2eηINMsp |H(ωo)|
2Rout

NASE−shot = 2eηINMsp |H(ωo)|
2RoutBe

(24)

where Msp is a phenomenological parameter that accounts for the number of states of polarization
in the ASE noise. Msp= 1 for semiconductor amplifiers and Msp= 2 for fiber amplifiers in general.

2.2.5. Total noise

Due to the use of a balanced detection configuration, all common mode noise sources usually
present in direct detection systems are cancelled or greatly suppressed here. This accounts for
the input thermal noise, the RIN noise and, as mentioned before, the signal-ASE and ASE-ASE
beating noises. Therefore, the overall noise is given by the contributions discussed in 2.2.3 and
2.2.4 together with the output thermal noise:

NT (f ) =
4η2INIloRout |H(ωo)|

2
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+ eηISGαDPMZMsin2
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2

)︃
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2
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2

)︃
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]︁
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(25)

3. Figures of merit

We now use the results derived in section 2 to find the expressions for the typical FOMs of a
microwave photonics system.
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3.1. RF gain

We define the RF Gain as the ratio between the input RF power (PRFin(Ω)) and the output RF
photodetected power (PRFout(Ω)). Using (8) and taking PRFin,i(q)(Ω)=Vrf,i(q)

2/(2Rin):

GRF,i(q)(Ω1) =
η2RoutRinIsIloπ

2GαDPMZM |H(ωo +Ω1)|
2

8V2
π

cos2
(︃
ϕdc

2

)︃
(26)

Note that the RF gain is identical for both the in-phase and quadrature components.

3.2. Noise figure

The noise figure of the MWP link is [13]:

NF =
NT

GRFkBT
(27)

And is given by substituting (25) and (26) into (27).

3.3. Dynamic range

Finally, the link dynamic range can be evaluated through the second and third order Spurious
Free Dynamic Ranges (SFDR). These are given in terms of the second and third-order output
intercept points respectively (OIP2 and OIP3) [13]:

SFDR2 =

[︃
OIP2
NT

]︃1/2

SFDR3 =

[︃
OIP3
NT

]︃2/3 (28)

To compute OIP2 and OIP3 we equal Eq. (8) to those on Eq. (10):

OIP2|Ω1−Ω2,i(q) =
ℜ2RoutPinPloGαDPMZM |H(ωo +Ω1)|

4

4|H(ωo +Ω1 −Ω2)|
2 .

[1 + cos ϕdc]
2

[1 − cos ϕdc]

OIP3|2Ω1−Ω2,i(q) =
ℜ2RoutPinPloGαDPMZM |H(ωo +Ω1)|

3[1 + cos ϕdc]

2|H(ωo + 2Ω1 −Ω2)|

(29)

This completes the derivation of the main FOMs.

4. Discussion, applications and results

4.1. Discussion

Equations (6)–(29) describe de model and main figures of merit as a function of the system’s
relevant transmission parameters. Note that the RF gain is not governed by the squared value of
the optical gain as in direct detection systems [9]. In this approach the RF gain is governed by
the product of the overall optical gain of the link and the local oscillator power, which enables
the adjustment of the RF gain by tuning the power of the latter. This feature is expected as
the useful signal current is linearly related to the link optical field and not the power. Observe
that the optical segment has been modelled using cells where the optical amplification precedes
the filtering, however, it also accounts for the case where it is the amplifier that follows the
filter. In this case, one needs only to make G1= 1. Note as well again that several noise sources
are not present in (25), which are relevant in direct detection systems. For instance, the laser
relative intensity noise (RIN), the spontaneous-spontaneous and signal-spontaneous beat noises
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are cancelled by the balanced detector. It is also worth noticing that Eq. (16), which is central in
the model and plays a similar role to the Friis formula in direct detection systems.

The model is very general and accounts for MWP systems with arbitrary complexity, provided
that the optical segment filtering and amplification is linear. This is the common situation in
practice, where optical amplifiers are employed for signal loss mitigation and therefore no gain
saturation is expected. Note that this is the case of both, integrated MWP links and discrete
components based links. It is probable that for MWP complex systems may include up to two
or three filtering stages and perhaps two to three amplifiers. For these cases, our model can be
readily specialised. In addition, the analytic nature of our results allows for very fast simulation
and its multi-parameter nature tolerates for the fast evaluation of 2-dimensional performance
maps leaving the rest of the parameters ceteris paribus.

4.2. Application example

The model can be applied to MWP systems featuring considerable complexity regardless
of whether the final application is focused on transmission (radio over fiber systems, 5G
front-haul links. . . etc.) or signal processing (i.e. filtering, true-time delaying, up-conversion,
beamforming. . . etc.). Here, we consider an example that is representative of a Central Office
(CO) to Base-Station (BS) front-haul link in a 5G communications system as shown in Fig. 4.
Coherent detection is employed at the BS for signal up-conversion.

Fig. 4. Coherent heterodyne MWP system representing a Central Office to Base Station 5G
front-haul link with up-conversion.

In this case, the I-Q modulator and an Erbium-Doped Fiber Amplifier (EDFA) are assumed
as part of the CS equipment. The front-haul connection is implemented by means of a 25Km
optical fiber link and the BS equipment includes an online signal processing stage implemented
by a photonic chip composed of a semiconductor optical amplifier (SOA) and an optical elliptic
filter, followed by the heterodyne balanced detection stage. Overall, the link is composed of two
amplifier and filter stages.

The model can be employed to analyze the end-to-end system performance and moreover,
to investigate the effect that the variation of one or more parameters can have on the overall
figures of merit. To this aim, we have considered three examples that represent different design
options for the system in Fig. 4. Example 1, represents a design where amplifiers are employed
to compensate for losses and low power lasers are employed both for the CS source and the local
oscillator. Example 2, illustrates the case where the local oscillator laser power is increased to
boost the detected RF signal and example 3 corresponds to the case where the detected RF signal
power is increased by the combined effect of a higher EDFA gain and moderate local oscillator
power. The values of the main system parameters in each example are shown in Table 1.
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Table 1. Main system parameters of three representative
design alternatives for the front-haul link of Fig. 4.

Parameters set to
perform the simulation

Example 1 Example 2 Example 3

f1 1GHz 1GHz 1GHz

f2 1.2GHz 1.2GHz 1.2GHz

Pin 0dBm 0dBm 0dBm

PLO 0dBm 13dBm 5dBm

GEDFA 13dB 13dB 25dB

NFEDFA 4dB 4dB 4dB

GSOA 9dB 9dB 9dB

NFSOA 6dB 6dB 6dB

αmzm 4dB 4dB 4dB

The model renders the values for the main figures of merit of each example according to
Eqs. (26)–(29) with the proper parameter value substitution. It also provides useful information
that can be visually represented in Fig. 5. Then, Table 2 show the results corresponding to the
noise sources for each of the three examples. This allows, for example, to identify if there is a
dominant noise source or if on the contrary, two or more sources need to be taken into account.
For instance, and in the considered application scenario, we can observe that shot-signal noise
dominates in example 1, while LO driven noise is the predominant noise in the other two cases.

Fig. 5. Noise densities of different sources for the three examples considered in Table 1.

Table 2. Numeric values of noise densities of different sources
for the three examples considered in Table 1.

Noise densities Example 1 Example 2 Example 3

Nshot−signal -163.40dBm/Hz -163.40dBm/Hz -151.40dBm/Hz

Nase−lo -166.11dBm/Hz -153.11dBm/Hz -149.75dBm/Hz

Nshot−lo -166.98dBm/Hz -153.98dBm/Hz -161.99dBm/Hz

Nth−out -173.98dBm/Hz -173.98dBm/Hz -173.98dBm/Hz

Nase−shot -218.04dBm/Hz -218.04dBm/Hz -206.68dBm/Hz

Ntot -160.26dBm/Hz -150.28dBm/Hz -147.32dBm/Hz

Indeed, the fact that the end-to-end model provides an estimation of the rest of the FOMs,
allows us to dispose of the complete information upon which to decide which is the best design
option. Table 3 shows, in form of a comparative table, the results obtained for the main figures
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of merit in each of the three design examples. Overall, as it can be appreciated, example 3
provides the best alternative as far as RF Gain is concerned (17dB increase) providing also a
2.7dB improvement in dynamic range (SFDR3).

Table 3. Overall Figures of merit for the application examples described in Table 1.

MWP Power-Amplified
Link Example 1

MWP Power-Amplified
Link Example 2

MWP Power-Amplified
Link Example 3

Gain Link -29.96dB -16.96 dB -12.96 dB

NF Link 43.67dB 40.65 dB 39.61 dB

Noise Spectral Density -160.26dBm/Hz -150.28 dBm/Hz -147.32 dBm/Hz

SFDR2 75.05dBm/Hz1/2 76.56 dBm/Hz1/2 77.08 dBm/Hz1/2

SFDR3 101.67 dBm/Hz2/3 103.69 dBm/Hz2/3 104.38 dBm/Hz2/3

5. Conclusion

We have reported an end-to-end analytic model for the computation of the FOMs of arbitrarily
filtered and amplified heterodyne coherent MWP links. It is useful for evaluating the performance
of complex systems where the final stage is employed for up/down converting the RF signal.
We have applied the model to a specific case of complex system representing the front-haul
segment in a 5G link between the central office and the base station. Three different scenarios
that trade-off amplifier gain and local oscillator power have been considered, showing that the
model can anticipate the expected performance of each design alternative. The model can be
applied to a wider range of cases combining fiber and photonic chip elements and thus is expected
to provide a useful and fast tool to analyze them in the design stage.
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