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ABSTRACT

Satellite constellations in low Earth orbit (LEO) require inter-satellite communication (ISC) front-ends that meet
strict size, weight, and power (SWaP) constraints. Conventional RF front-ends struggle to combine multi-GHz
bandwidth, high linearity, and wideband tuning within these budgets. Microwave photonics offers a path forward
by using optical components to generate, transport, and process RF signals. However, practical performance can
be limited by optical-to-electrical interfaces, packaging, thermal parasitics, etc. This paper motivates a monolithic
Indium Phosphide (InP) approach that reduces interconnect loss and minimizes assembly and coupling related
performance variations.. As a use-case scenario, we consider a distributed-radar system in which two satellites
share waveform generation and reception over an inter-satellite link. We analyze the on-chip transceiver that
enables this operation.

This work studies a monolithic Indium Phosphide (InP) microwave—photonic transceiver that co-integrates
the transmitter, receiver, and optical amplification on a single chip and quantifies its link-level performance. We
perform circuit-level modeling to evaluate gain (G), noise figure (NF), and spurious-free dynamic range (SFDR)
across representative C (4-8 GHz), X (8-12 GHz), and Ka (27-40 GHz) bands using realistic device models.
The modulator V. is swept from 2 to 8 V. The results show that the preferred operating region is obtained for
low V., around 2 to 3 V, and for photodiode input power just below saturation. In this region, the transmitter
exhibits representative performance of Ga~ +4.5 dB, NFa 22.4 dB, and SFDR~ 110.8 dB-Hz?/3, while the
receiver exhibits G —8 dB, NFa 20 dB, and SFDR~ 111.2 dB-Hz?/3. The results further indicate that the
achievable tradeoff among G, NF, and SFDR is bounded by the photodiode linear operating region, and that
these metrics must be considered jointly to guide design choices in the monolithic InP transceiver.
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1. INTRODUCTION

Emerging space applications increasingly envision satellite constellations not only as communication relays but
also as distributed sensing systems. In a distributed or multistatic radar configuration, two or more platforms
cooperate to generate, relay, or receive radar waveforms in a phase-coherent manner, enabling functions such
as coherent fusion, wider spatial coverage, and potentially improved sensitivity or angular diversity."'? In such
architectures, the distribution of stable waveform, timing, and frequency references between nodes becomes a
central requirement.

Microwave photonics is attractive for this class of systems because it enables broadband RF signal generation,
low phase noise reference transport, and coherent up- and downconversion using optical carriers, while also
reducing sensitivity to electromagnetic interference in distribution paths. Thus, the relevance of photonics in
this context is not limited to size, weight, and power reduction (SWaP), or very high-frequency operation, but
also to coherent signal handling across physically separated radar nodes.?™
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Table 1. Comparison of representative PIC-based photonic radar implementations in literature. CL = Conversion Loss;
NF = Noise Figure, EOM = Electro-optical modulator, N/R: not reported.

Ref. Type Int. | Platform RF Band BW SFDE{B NF/CL (dB) | Gain (dB)
(dB-Hz*/3)
= Tx/Rx | No N/A up to 40 GHz | 200 MHz N/R N/R N/R
12 NF: 7dB
Tx/Rx | Yes SOl S 100 MHz 100 COL: 55 N/R
12 Tx/Rx | Yes SOI X 100 MHz 99 CL: 59 N/R
13 . . Tx: 40 dB,
Tx/Rx Yes SOI X 40 MHz 95 CL: 65 Rx: 31 dB
14 Tx/Rx | Yes Si C 2 GHz 101 NF: 54-56 | 60 dB (LNA)
1 Tx/Rx | Yes Si Ku 6 GHz 103 NF: 52 60 (LNA)
15 Tx/Rx | Yes Si Ku 4 GHz 102.7 N/R 57.8
Tx(EOM)
16 Y TFLN K 10 GH 102.7 N N
/Rx(EOM) es u 0 GHz 0 /R /R
1,2 Tx/Rx | Yes | SOI + InP X N/R N/R CL: 54 N/R
. N . Tx: 110, - Tx: 15, Tx: 10,
This work Tx/Rx Yes InP C, X, Ka N/R Rx: 102 NF: Rx: 17.5 Rx: -4

* Simulations.

To date, many photonic radar demonstrations have relied on bulk, fiber-based, or hybrid photonic assem-
blies. While these approaches have successfully demonstrated waveform generation and sensing concepts, they
typically require multiple off-chip optical and electrical interfaces, external amplification stages, and packaging-
interconnects. These factors increase insertion loss, calibration, and environmental sensitivity, which are espe-
cially problematic for compact and repeatable multi-node operation.% "

A monolithic Indium Phosphide (InP) implementation is, therefore, of interest because it can co-integrate
active and passive photonic building blocks, including laser sources, semiconductor optical amplifiers, modulators,
and photodetectors within a single platform. This makes InP a promising candidate for compact microwave-
photonic transceivers intended for coherent inter-satellite radar or crosslink applications.®?

This work investigates the development of a monolithic radar photonic transceiver implemented on an Indium
Phosphide (InP) chip for potential LEO inter-satellite applications. The study focuses on system level parameters,
conversion gain, noise figure, and spurious-free dynamic range by using circuit-level simulations to quantify the
achievable performance in representative C (4-8 GHz), X (8-12 GHz), and Ka (27-40 GHz) scenarios.

2. SYSTEM DESCRIPTION

Several PIC-based microwave—photonic radar systems have been demonstrated, as summarized in Table 1. Most
reported implementations are hybrid or only partially integrated, with key functions such as optical amplification,
modulation, etc., still realized off chip.'® Here, we instead study an InP transceiver architecture that integrates
the transmitter, receiver, and optical amplification stages on the same photonic chip, enabling tighter co-design
of the microwave photonic link and a more compact implementation.

The integrated microwave—photonic link was analyzed using the commercial simulation tool Lumerical IN-
TERCONNECT!" to evaluate its device level performance across the C-, X-, and Ka-band RF ranges, which are
among the most relevant for radar applications.? The transceiver is evaluated through circuit-level simulations,
with emphasis on conversion gain, noise figure, and spurious-free dynamic range; the fixed device parameters
and swept variables are summarized in Table 2.

2.1 Photonic transceiver link analysis

To place the proposed microwave—photonic link in context, Fig. 1 illustrates a possible system-level implementa-
tion in which two satellites (P1 and P2) form a distributed radar or inter-satellite communication pair. P1 acts



i i RF signal Apx = 1550 nm
Primary Satellite (P1) o o Secondary Satellite (P2) Anx = 1560 nm

Transmitter - Tx1 l Transmitter - Tx2 Output
gnal

signa
P1

r
1
I
Laser Tx1 — MZM_Tx —> SOA Tx1 —> ~ _>=
1
]

RF Radar signal
=0\ -~ SOA Tx2 —» PD.Tx — > o =& m/fmﬁl
I === === g : =m0 g8 1 \Dbjecrive from Earth
Output  Receiver - Rx2 52 - < ‘a‘é et el e Sty
& I \ o &

: Receiver - Rx1 Received
signal

P1

1
| — !
I <2 PDRxl <—AMZI Rx <—SOA Rx2 <— ~ . -
i front-end - - - i SOA Rx1 <—DLaser Tx1
I

Radar signal downlink path ===  Transmitter Optical =

Receiver
Figure 1. Block-level schematic of the distributed radar system which includes four sub-systems - Tx1, Tx2, Rx1 & Rx2
- realized on a single monolithic InP photonic integrated circuit (PIC) used in simulations. The Tx path includes a CW
laser, Mach—Zehnder modulator (MZM) and semiconductor optical amplifier (SOA); the Rx path comprises an optical
coupling interface, SOA, coherent or intensity detection stage, and photodiode (PD).

as the primary node, responsible for radar waveform generation, optical modulation, and coherent reception,
while P2 operates as the secondary node, hosting the RF front-end and antenna subsystems that interface with
the ground segment. This approach allows a radar network composed of one Primary node, feeding multiple
secondary nodes. Here we consider a simplified case with only one P2.

The modeled photonic transceiver integrates both transmitter and receiver functions on a single Indium
Phosphide (InP) platform, as shown in Fig. 1. The transmitter link at P1 consists of a continuous-wave (CW)
laser operating at a wavelength of 1.55 pm, which is applied as an optical carrier to the Mach—Zehnder mod-
ulator (MZMr,.), which is driven by a linear-frequency-modulated (LFM) signal at the C-, X-, or Ka-band. A
semiconductor optical amplifier (SOAr,1) compensates for on-chip losses. After amplification, the modulated
optical signal is transmitted over a free-space optical (FSO) link to P2.

At the second node P2 (T,2), the signal passes through a second amplification stage (SOA7,2) and is detected
by a high-speed photodiode (PD), which performs optical-to-electrical (O/E) conversion. The converted RF
signal is subsequently amplified by the RF front-end and radiated by the antennas toward the Earth.

For the receiver link, the radar echoes collected at P2 are down-converted and filtered in the RF-front end,
then used to directly modulate a laser source at 1.56 pm. The detected optical signal is amplified and transmitted
back to P1 over the same optical link, where it undergoes a second amplification stage at SOA g,2. Reflections and
leakage from the transmitter laser are rejected using a Mach—Zehnder interferometer with a free spectral range
(FSR) of approximately 10 nm, corresponding to a path-length difference of about 65.95 um and a V, = 3.26 V.
Finally, a photodiode at P1 performs coherent O/E downconversion to an intermediate frequency (IF), and the
resulting signal is passed to the acquisition system for digital processing.

In the present work, the optical segment between nodes is modeled as an equivalent analog photonic transport
link. Therefore, the analysis is restricted to the internal gain, noise, and linearity budget of the integrated
transceiver and does not yet include explicit free-space optical propagation penalties. These effects will be
addressed in future work.

Figure 1 shows the integrated photonic transceiver considered in this work. The circuit-level simulations use
realistic component models and loss values summarized in Table 2, based on experimental data and representative
InP foundry specifications.

The transceiver performance is evaluated in terms of conversion gain (Gyr), noise figure (NF), and spurious-
free dynamic range (SFDR), which together describe the efficiency, noise, and linearity of the link. In the
simulations, the modulator V is swept from 2 to 8 V. It is further assumed that the IF output power is equally
split between the photodiode bias network and the 50 2 load, with a photodiode intermediate frequency output
power of 16 dBm.

The noise figure of each section of the link is calculated'® as,

Nout

NF = —out 1
GirkpTh 1)



Table 2. Fixed device parameters and swept ranges used in the circuit-level simulations.

Parameter Value
Laser output powe —10 dBm to +15
Laser output wavelength 1.55 um
Laser linewidth 1 x 10° Hz
Laser RIN —157 dBc/Hz
MZM insertion loss 5dB
MZM extinction ratio < 20dB
MZM V. <2to8V
PD responsivity 0.7 A/W
PD bandwidth 30 GHz
PD saturation 16 dBm
NFsoa 6 dB
Optical amplifier gain 10-15 dB

where kp is Boltzmann’s constant, Tj is the reference temperature, and Ny, is the output noise power spectral
density, given by

Nows = kpToG1r + kTo + 2¢Ipc Rows|Hpp|* + RIN I3 Rouws|Hppl?. (2)

The terms in (2) account for thermal noise, shot noise, and relative intensity noise (RIN) contributions at
the link output. The RIN contribution associated with the SOA is related to its noise factor through

2hVFO

RINgoA = TR

(3)

where P, is the optical power at the amplifier input, and Fy is the amplifier noise factor.'®

The simulated Gjr and NF results for the C-, X-, and Ka-bands are presented in the following sections as
functions of the received optical power at the photodiode, Prx pp, for V; values between 2 and 8 V. Here, P.x pp
is determined by the laser output power and the optical-link gain.

3. RESULTS AND DISCUSSION

Figure 2 collectively shows that the performance of the integrated transceiver is governed by a tradeoff among
conversion gain, noise figure, and linearity rather than by a single optimization variable. This can be seen by
comparing the transmitter panels in Fig. 2(a)—(c) and the receiver panels in Fig. 2(d)—(f): in both paths, lower
V: improves electro-optic conversion efficiency and, therefore, increases G, while higher received optical power
at the photodiode improves the link response only up to the edge of the PD linear region. The gain and NF
trends are observed in Fig. 2(a), (b), (d), and (e), whereas the corresponding linearity constraint is captured by
the SFDR behavior in Fig. 2(c) and (f). Beyond the onset of PD nonlinearity, the benefit of stronger optical
beating is offset by distortion and ASE-related noise growth. In the present model, the C-, X-, and Ka-band
simulations show nearly identical trends because the analysis isolates the internal microwave—photonic link under
common component assumptions.

For the transmitter path, the gain increases as V; is reduced and as P,x pp approaches the maximum value
allowed by PD linearity. At V; = 2 V, the simulated gain reaches about +7.37 dB with NF around 17.45 dB,
whereas increasing V. toward 8 V reduces the gain to about —1 dB and increases the NF to about 25.74 dB. This
trend confirms that modulator efficiency is one of the dominant first-order design constraints in the link, since
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Figure 2. Conversion gain G, noise figure (NF), and spurious-free dynamic range (SFDR) as functions of received optical
power at the photodiode (PD) for a V; sweep from 2 to 8 V. Panels (a—c) correspond to the transmitter (Tx) path and
show Grr, NF, and SFDR, respectively; panels (d—f) correspond to the receiver (Rx) path and show Grr, NF, and SFDR,
respectively. The C-, X-, and Ka-band simulations yielded very similar trends; therefore, only one representative case is
presented.

a higher V. directly increases the required RF drive voltage and reduces the effectiveness of optical-to-electrical
conversion. Overall, the best tradeoff is obtained in the low-V, region, approximately 2 to 3 V in the present
sweep, with the V; = 2 V case representing the most favorable endpoint.

For the receiver path, the same qualitative dependence is observed, but the link remains more limited regard-
ing loss conversion over the explored operating range compared to the transmitter path. The simulated Rx gain
varies from about -3.6 dB down to about -14 dB across the V. sweep, while the NF spans approximately 15 to
26.13 dB at the operating points selected just below PD saturation. Compared with the Tx case, this indicates
that the receiver is more sensitive to accumulated penalties in the and O/E downconversion stages, even when
operated near the preferred optical-power region. Accordingly, the Rx path places stricter requirements on the
following RF chain. In practical end-to-end implementations, it is expected to benefit from a low-noise RF
amplifier after photodetection.

The linearity analysis further clarifies the usable operating range. For the transmitter, SFDR remains rela-
tively flat, around 110 to 111 dB-Hz?/3, for P, pp values approximately between 0 and +16 dBm, which is below
the saturation threshold of the PD. For the receiver, the SFDR spans about 102 to 112 dB-Hz%/3 over P...pD
from roughly -6 to +10 dBm. At higher optical powers, ASE-signal beating and ASE-induced IMD3 products
raise the effective noise floor and compress the achievable dynamic range. Therefore, the optimum operating
point does not coincide with the highest possible optical power but rather with a bounded region just below PD
saturation, where gain is high, NF is low, and SFDR has not yet started to degrade.

Taken together, these results define a practical design window for the monolithic InP transceiver. The
preferred regime is obtained by combining the lowest feasible modulator V; with SOA gain sufficient to push
the photodiode close to, but not into compression. In this region, the improvement in conversion efficiency is
preserved without incurring excessive saturation related penalties or nonlinear distortion. This observation is



important because it transforms the plots of Figure 2 into a co-design, where the SOA gain, modulator efficiency,
and PD linearity margin must be selected jointly rather than optimized independently.

From a broader integration perspective, the observed behavior is also consistent with prior analyses of in-
tegrated photonic radar links, where conversion loss is dominated by OE/EO efficiency and can be strongly
improved by low V., higher-power-handling photodiodes, and on-chip optical amplification. The present re-
sults, therefore, support the choice of InP as a promising platform since it can combine active optical gain,
photodetection, and modulation in a monolithic implementation.

Accordingly, the preferred design target is the highest P, pp that remains below the onset of PD compression,
combined with the lowest feasible V., which would be around 15 dBm and 2 V as a V;

4. CONCLUSION

This work presented a link-level evaluation of a monolithic InP microwave—photonic transceiver for distributed
radar crosslinks and quantified its conversion gain, noise figure, and spurious-free dynamic range as functions of
modulator V. and received optical power at the photodiode. The results show that lower V, improves electro-
optic conversion efficiency and link gain, while increasing optical power improves performance only up to the
onset of photodiode nonlinearity. Near saturation, ASE—signal beating and ASE-induced IMD3 increase the
effective noise floor and reduce SFDR.

The preferred operating region is obtained just below the photodiode saturation limit, corresponding in the
present sweep to approximately P« pp ~ 15 dBm and V; = 2V, where gain, NF, and SFDR are jointly optimized.
This defines a practical co-design rule in which modulator efficiency, SOA gain, and photodiode linearity margin
must be selected together.

These characteristics make the proposed transceiver a promising candidate for distributed radar applications,
in which spatially separated nodes must share waveform information and process returned signals coherently. In
this context, the ability to combine optical generation, transport, amplification, and detection within the same
photonic platform is particularly relevant for maintaining a compact and jointly optimized front-end.

These results also indicate that the photonic link cannot be assessed independently of its electronic interface
stages. In particular, practical operation will require analysis of the additional electrical components needed to
close the power budget, such as a low-noise amplifier in the receive path before driving the second modulator,
as well as intermediate RF gain stages and their associated noise penalties.

A complete system evaluation must therefore include the sensitivity requirements, such as the minimum
detectable signal level at the receiver and the electrical drive conditions needed to ensure that the returned
signal remains within the usable operating range of the integrated photonic link.
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