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The Japanese National Institute of Information and Communications Technology (NICT) plans to launch a 6U CubeSat into Low Earth Orbit (LEO) during the Japanese fiscal year 2025. The primary payload for this mission is CubeSOTA (CubeSat’s Small Optical TrAnsponder), a miniaturized free-space optical communication terminal currently under development. A key component of this terminal is the optical amplifier, which must provide high transmission gain to overcome the significant free-space losses caused by the long distances involved in space communications. Additionally, to enable seamless integration into communication networks, the optical amplifier must support bidirectional communications. To achieve this, the amplifier incorporates a 2-in-1 design, integrating a high-power amplifier (HPA) for the transmission path and a low-noise amplifier (LNA) for the reception path. This paper presents the key features of this recently developed optical amplifier and its space qualification process, which is essential before its integration into the CubeSOTA terminal for launch. The developed amplifier features a 9 × 9.5 cm footprint for compatibility with the CubeSat standard, a reduced height of 3.6 cm and mass of 0.56 kg, while the HPA can deliver an output exceeding 2 W and the LNA is optimized for Doppler compensation and low noise with a noise figure below 4.5 dB. The environmental testing focuses on the amplifier’s most critical features, namely, its performance across varying temperature conditions in a vacuum and its power consumption under different operation modes.
Keywords: EDFA, optical amplifier, HPA, LNA, space qualification, cubeSat, CubeSOTA, satellite communications
1 INTRODUCTION
The NICT Space Communication Systems Laboratory has been actively engaged in space-based optical communications, conducting pioneering in-orbit demonstrations for nearly 30 years [1]. Building on this foundation, NICT plans to launch a 6U CubeSat into Low Earth Orbit (LEO) during the Japanese fiscal year 2025 with the goal of carrying out laser communications experiments with both ground stations and with HAPS (High-Altitude Platform Station) [2]. The primary payload for this mission is CubeSOTA, named after the successful SOTA (Small Optical TrAnsponder) mission [3], a miniaturized optical communication terminal based on the design of the highly versatile FX (Full Transceiver) terminal, recently prototyped and validated by NICT [4]. The key difference between CubeSOTA and FX is that CubeSOTA relies on the satellite’s attitude control system for coarse pointing, whereas FX employs a gimbal. CubeSOTA is designed to support bidirectional communications, for which the erbium-doped fiber amplifier (EDFA) is a critical component for delivering enough transmitting and receiving gain [5, 6]. Consequently, the EDFA presented in this paper features both a high-power amplifier (HPA) for the transmission path and a low-noise amplifier (LNA) for the reception path, capable of operating independently while being integrated within the same 2-in-1 miniaturized device.
The development of compact and high-performance optical amplifiers that meet the stringent size, weight, and power (SWaP) constraints of CubeSats is a complex challenge. As a reference to the state of the art, references [7, 8] present a device most similar to that described in our work. This system comprises two separate modules: an HPA (0.65 kg, 3 W output, 10 × 10 × 4.2 cm) and an LNA (0.1 kg, 9 × 5.4 × 1.55 cm). In contrast, our device integrates both functionalities into a single compact unit (9 × 9.5 × 3.6 cm, 0.56 kg), which not only reduces size and weight compared to the HPA module alone but also achieves a 20% higher mass density (1.82 g/cm3 vs. 1.515 g/cm3), a critical factor for miniaturization. With a power output of 2 W (albeit lower than 3 W) and an LNA noise figure of 4.2 dB (maximum theoretical 4.5 dB) versus a nominal 5 dB, our design demonstrates superior integration of functionality in a smaller footprint. In addition to the module design and development, its space qualification and performance validation under varying environmental conditions are essential steps before its integration into the satellite’s payload [9,10] to ensure the device not only survives but also performs as expected throughout the mission.
Motivated by all the demanding requirements described above, this paper presents a detailed discussion of all the design choices made to manufacture the flight version of the optical amplifier unit conceived for NICT’s CubeSOTA mission, its main characteristics, and the complete space qualification carried out prior to its integration within the mission payload. To the best of the authors’ knowledge, it is the world’s smallest EDFA to integrate both an HPA and an LNA for space operation. The manuscript first provides an overview of the final flight unit, detailing key design choices and the results of the full space qualification. It then focuses on the most critical aspects of in-orbit operation, including performance in vacuum conditions, thermal behavior under varying temperatures, and power consumption across different operational modes. These validations are essential to ensuring the amplifier’s reliability when integrated into the terminal and the satellite bus.
2 EDFA DESIGN CONSIDERATIONS
This EDFA was designed to meet the CubeSat standard, featuring a compact form factor of 9 × 9.5 cm with a height of 3.6 cm and a weight of 0.56 kg. It operates on a +12 V ± 0.25 V power supply, ensuring compatibility with the CubeSOTA mission’s satellite bus. The LNA and HPA modules are integrated into a single physical unit but can be operated independently. The HPA’s control mode is ACC (Automatic Current Control), and the LNA’s is APC (Automatic Power Control). The microcontrollers of the HPA and LNA are equipped with universal asynchronous receiver-transmitter (UART) ports to communicate by using TTL signals with the satellite’s onboard computer (OBC). In the case of the HPA, LOS (Loss Of Signal) protection with auto-recovery was implemented to ensure safe automatic operation. This function is necessary to disable the unit in the absence of an input signal, whether due to a malfunction of the modem or an error in the control software, in order to prevent potential permanent damage, and to automatically re-enable the amplifier once the signal is restored.
The electrical interface comprises a 12-pin connector with dual-pin configuration VDC, GND, and UART (Tx/Rx) signals for redundancy. The EDFA case interior was filled with epoxy to enhance thermal transfer, and silicone rings were used on optical components to protect them from shock and vibration. Optical fibers of 1-m length with miniaturized connectors (approximately 20 mm) were employed to reduce the device footprint. For the EDFA integration within the lasercom terminal’s limited space, the fiber bending radius must be also minimized. The LNA uses G.652.D fibers, permitting a 25 mm radius with a power loss under 0.03 dB at 1,550 nm, or 20 mm with 0.05 dB. The HPA uses G.657.A2, allowing a 15 mm radius with under 0.05 dB loss, or 10 mm with 0.1 dB.
To protect the unit from radiation, an aluminum case was used to shield the electronics and radiation-hardened fibers were used as they remain partially exposed outside the protective case. These fibers are specially manufactured using high-purity fused silica with low hydroxyl (OH) content and specialized dopants to withstand the high levels of ionizing radiation encountered in space, ensuring that their optical performance and structural integrity are maintained [11, 12]. No measures have been taken to counteract the spectral shift in gain, as this effect is considered negligible. Even in the worst-case scenario, a shift exceeding 0.1 nm is not anticipated, resulting in a minimal impact on gain [13, 14].
Both the HPA and LNA are designed as two-stage amplifiers to achieve the required high gain while maintaining low noise levels to maximize the signal-to-noise ratio (SNR). To fit the CubeSOTA mission, both EDFAs were optimized to provide maximum gain at their respective wavelengths (transmitting wavelength around 1,540 nm and receiving wavelength around 1,560 nm). In the HPA section, three isolators are used, one after the input and another after each stage, to achieve an input-output isolation exceeding 30 dB.
As for the LNA section, it is critical to remove the unwanted ASE (Amplified Spontaneous Emission) noise to maximize the SNR before reaching the modem’s receiver. For this reason, there is a filter after each stage with a ∼1,560 nm central wavelength. Both filters are hybrid, incorporating an isolator as well, with a 2-stage filter in the second stage to achieve an isolation exceeding 30 dB. To design the filter’s bandwidth, it is important to consider the Doppler shift caused by the satellite’s relative motion, which leads to variations in the received wavelength. Assuming a maximum speed of v = 7.7 km/s for LEO (at 400 km as the lowest typical LEO altitude, with slower speeds at higher altitudes), the Doppler shift can be calculated as Δλ = λ0 (v/c) = 1,560 nm (7.7 km/s/300,000 km/s) ≈ 0.04 nm. Since this Δλ can occur in both directions, the total filter bandwidth should be greater than 0.08 nm. To accommodate the entire possible Doppler shift with a margin of 5 times, a 0.4 nm @-0.5 dB bandwidth was chosen for both filters.
LC/PC connectors were selected for the HPA’s input and LNA’s output since they are directly interfaced with SFP + industrial-grade high-speed transceivers in the modem, while HPA’s output is connected to the transmitting optics, thus the connector type is FC/APC to minimize back reflections at high power towards the fiber’s core, and LNA’s input is FC/UPC because it is connected directly to the receiving optics. Regarding component placement, the HPA is positioned at the bottom and the LNA at the top, a configuration that optimizes heat management during satellite integration, as the HPA is expected to operate at higher temperatures.
Table 1 provides a consolidated qualitative and quantitative summary of the design considerations outlined in this section.
TABLE 1 | Summary of CubeSOTA’s EDFA design considerations.
[image: Table 1]3 ENVIRONMENTAL VALIDATION
The EDFA’s space qualification was conducted at the Center for Nanosatellite Testing (CeNT) of the Kyushu Institute of Technology (Japan), which is equipped with facilities specialized in space environmental testing for components as well as nanosatellites up to 50 cm and 50 kg. Figure 1 presents an image of the flight-model CubeSat’s EDFA alongside visuals from the environmental tests. The ISO 15864:2021 (Space systems—General test methods for space craft, subsystems and units) [15] and ISO 19683:2017 (Space systems—Design qualification and acceptance tests of small spacecraft and units [16] standards were followed to as a guide to prepare the module for the environmental tests. These documents provide a comprehensive framework outlining standardized procedures and acceptance criteria for evaluating the performance of spacecraft and their components under simulated space conditions, including thermal, vibration, and vacuum tests.
[image: Figure 1]FIGURE 1 | Flight-model CubeSat EDFA and images from the environmental tests.
Following the recommendations of the aforementioned ISO standards, three types of vibration tests were conducted: modal, sinusoidal and random. Modal vibration tests are used to ascertain the natural frequencies of the device under test and are performed at the beginning and end of the vibration tests to identify any changes in the natural frequencies. Sinusoidal vibration tests ranged from 5 to 100 Hz at 2.5 g and from 100 to 140 Hz at 1.25 g at a rate of 2 October/min for each orthogonal axis (1 g = 9.80665 m/s2). Random vibration tests ranged from 20 to 2,000 Hz and lasted 2 min per axis. The test sequence followed a four-step cycle: modal-sinusoidal-random-modal for each orthogonal axis. Additionally, shock tests were conducted up to 1,000 g from 100 to 5,000 Hz for each axis.
The HPA’s optical output power exhibited less than 0.15 dB of variation during these tests while operating at full gain (output power ≈33.2 dBm). No meaningful variation was measured in the LNA’s optical output power (output power = 3.5 dBm). All control and monitoring functions operated seamlessly throughout the tests, and all electrical connectors, both internal and external, remained in place.
The total ionization dose (TID) tests were conducted using Cobalt-60 as the radiation source to assess the effect of gamma radiation exposure. The EDFA was subjected to a total dose exceeding 20 krad at a rate of 5 rad/s over approximately 2 h, a typical exposure level for LEO missions lasting one to 3 years [17]. Testing was performed at both the component level and system level using dedicated test units. For the component-level test, the internal voltage and current were measured in two PCB samples to evaluate the buck-boost DC/DC converters and low-dropout regulators behavior before and after radiation exposure. Both parameters remained within nominal ranges, with voltage variations below 1% and current variations below 2%.
As for the system-level TID tests, a complete EDFA test unit was used to measure the output power of the LNA, and both stages of the HPA before and after exposure to radiation. The LNA’s input power was −20 dBm with a gain of 30 dB, resulting in an output power of 10.1 dB before the TID test and 9.27 dB afterward, corresponding to a 0.83 dB loss after 20 krad. The HPA’s first stage input power was 0 dBm and the output power varied from 17.8 dBm before the TID test to 17.1 dBm after TID test, representing an 0.7 dB loss. Similarly, the HPA’s second stage had an input power of 15.6 dBm, with output power dropping slightly from 33.2 dBm to 33.0 dBm, indicating a minimal 0.2 dB loss.
Thermal Vacuum (TVAC) tests are among the most critical because of the strong dependence of the EDFA behavior, in particular output optical power, with temperature. This is especially relevant when heat cannot be dissipated due to the lack of air in vacuum conditions and the absence of a cooling system, which would otherwise introduce significant constraints in terms of size and complexity. For TVAC testing, the unit was placed inside a 20 cm3 cage with heaters attached to each side. This cage was positioned in the first compartment of the vacuum chamber, while the electrical (12 cables, including power and control lines) and optical interfaces (four optical fibers) were routed through the second compartment, where the light sources and power meters were placed to be controlled from outside of the vacuum chamber, since the only interface was electrical from the second compartment to the control PC outside the chamber.
Eight thermocouples were attached to the test unit to monitor the case temperature, with one on each lateral side and two on both the top and the bottom. As expected, the bottom side, where the HPA is located, consistently reached temperatures 5 and 10° higher than the top side when the HPA was active. Therefore, the sensor in the hottest position was selected for the primary temperature measurements, which is typically a similar value to the internal onboard sensor (used for in-orbit telemetry), since it is located among the 2 EDFAs and close to the HPA as well. TVAC testing was conducted within a pressure range of 10−6 to 10−7 mbar and a temperature range from −23°C (initial temperature for cold cycles) and +55°C (initial temperature for hot cycles).
Prior to the extensive TVAC campaign, which spanned over 24 h continuously, a preliminary test was performed on the HPA at extreme temperatures of +60°C and −25°C and for enough time to verify the correct EDFA operation at extreme conditions and identify the power evolution up to a stationary state when operated at the maximum driving current (ACC mode). Typically, the output power can be maintained for a long time within a temperature range of approximately −20°C to 60°C. Below −20°C, the HPA takes a few minutes to naturally heat itself while increasing its output power and stabilizing above −10°C, eventually converging towards 0°C. Above 60°C, however, the amplifier experiences rapid self-heating, leading to an initial 10% drop in output power within the first 20 min. The power reduction then gradually stabilizes at approximately 15% as the temperature approaches 90°C, the maximum operational limit of the EDFA (see Figure 2).
[image: Figure 2]FIGURE 2 | Long duration initial tests under extreme temperatures.
Figure 3 shows the extensive TVAC campaign, which included 8 functional tests (FT), one before the TVAC and 7 during the TVAC, with the first one performed at room temperature (FT0RT), and the other 6 divided into 3 full cycles starting with a hot cycle (FTXHC) with +55°C as initial temperature, followed by a cold cycle (FCXCC) with −23°C as initial temperature. Each of these 6 tests were conducted after the temperature had stabilized for approximately 1 h. To account for the time required for the vacuum chamber to reach each target temperature during all these cycles as well as the cycles themselves, the entire campaign lasted 28 consecutive hours. In each functional test, the LNA was activated for 5 min, followed by the HPA 1 min later, remaining on for 20 min. In both cases, both amplifiers operated at maximum gain throughout their respective test periods.
[image: Figure 3]FIGURE 3 | Extensive TVAC campaign showing cycles and functional tests (FT) sequence.
The LNA’s output power remains highly stable across all temperatures, with maximum variations of just 0.02 dB and temperature fluctuations within 0.2°C due to the low signal levels. In contrast, the HPA’s output power exhibits a strong dependence on the temperature. Figure 4 represents the HPA’s TVAC functional tests (FT) under vacuum conditions across 3 full cycles, including both hot cycles (HC) and cold cycles (CC). The repeatability between similar FTs is within 2% of the output power. However, significant variations are observed between HC and CC. On one hand, the HPA generates 200–300 mW higher power under CCs compared to HCs, as the temperature rises rapidly, and the module cannot dissipate excess heat in a vacuum environment. During CCs, the output power decreases by less than 5% from the initial maximum value, and by over 10% during HCs, being the initial output power already about 10% lower in HCs than in CCs.
[image: Figure 4]FIGURE 4 | TVAC hot cycles (HC) and cold cycles (CC) for HPA functional tests (FT).
During the test campaign with both modules operating simultaneously, three functional tests were performed, one prior to TVAC and two during TVAC, with the first conducted at room temperature and the second after increasing the temperature to 55°C and stabilizing it for 1 h, with a duration of 30 min. Figure 5 (left) shows this functional test, where it can be seen that after 30 min, the temperature does not stabilize around 90°C with both modules on, as was the case with only the HPA (see Figure 2). In this figure, the HPA and LNA output power were scaled by a factor of 10 and 10,000 respectively for better visibility alongside the HPA + LNA consumed power, although the real initial and final values are shown as well. Care must be taken as the former curves represent optical power while the latter represents electrical power. The HPA’s output power decreases as the module heats up and fails to stabilize, resulting in a significant loss of power due to heat dissipation. Therefore, in the absence of additional heat dissipation or temperature control, when operating both EDFAs simultaneously at high temperatures for longer periods, this must be monitored to avoid damaging the module. One solution would be to position the unit in direct contact with a heat dissipation material with sufficient surface area to absorb the excess heat, such as the CubeSat’s aluminum structure.
[image: Figure 5]FIGURE 5 | Simultaneous HPA + LNA TVAC hot cycle for max. (left) and min. (right) HPA gain.
For the CubeSOTA mission, where this EDFA will be deployed, the maximum expected link duration is 10 min. In a worst-case scenario, a hot cycle may reach nearly 70°C by the end of the experiment with both modules working at the same time. In this case, the maximum power consumption has been assumed to be 22.5 W and the HPA’s output power is expected to be between 2 W and 1.8 W. Of the total of 22.5 W power consumption, the HPA accounts for approximately 20 W (∼89%), the LNA about 1 W (∼4.4%), and the remaining 1.5 W (∼6.6%) is consumed by the control electronics.
Since the EDFA is the most power-consuming component in a space lasercom terminal, its operation must be adjustable to accommodate potential power constraints. One approach is to disable the LNA and allow only the HPA to support transmit-only communications. At maximum gain, this configuration would consume between 20.1 W and 20.3 W (10-min hot cycle’s initial and final temperature), or ∼0.6 W lower power during a similar cold cycle, as indicated by the test data from Figure 5 (left). Completely turning off the HPA is not considered viable, as even receive-only communications, a minimal transmission is necessary to provide a beacon-like positional reference during the initial acquisition phase of the terminals. Another option is to reduce the HPA’s output power by lowering its gain, whether the LNA is active or not. The HPA gain is controlled by the threshold pump current, with a minimum output power of approximately 25 dBm (∼316 mW). The HPA can produce an output power even below this power, although it is not the amplified input signal in this case.
To evaluate the second approach, two additional 30-min TVAC hot cycles were conducted using the spare EDFA unit at the lowest HPA’s output power to measure the actual power consumption and temperature evolution. Figure 5 (right) presents the result of this campaign, where both the HPA and LNA were active during the first cycle. Since the HPA’s output power is much lower, the module heated up by only 5°C within 10 min (equivalent to the CubeSOTA mission’s link duration), with its output power staying over 300 mW, and the power consumption is 10.4 W, less than half that at full gain (12.1 W lower power). A second cycle was performed with the LNA turned off. However, due to the minimal influence of the LNA on the HPA, the only noticeable difference was a slight reduction in the power consumption, approximately 0.85 W lower than when the LNA was active. The HPA’s output power and case temperature remained nearly identical in both cases.
Finally, an additional measurement campaign was conducted to assess the amplifier’s performance under extremely cold temperatures. For this cold start test, the spare EDFA unit was used again, since the test was destructive. Although the nominal storage temperature range of the electronic components extends down to −40°C, the performance at extreme cold cannot be guaranteed without direct testing. This experiment could not be performed in a vacuum, as the chamber was unable to reach −40°C, its minimum achievable temperature. However, unlike hot cycles, vacuum conditions are not a critical factor in this case, as heat dissipation is not a concern.
Given that −23°C was the minimum initial temperature during TVAC tests, during the cold start test, several cycles were conducted at temperatures below −23°C to determine the minimum operational temperature. In these tests, the EDFA could be powered on even when the case temperature was at −33.75°C as the initial temperature. When enabling the HPA’s pump laser, the module heated up in less than 5 min to −15°C, which is an operational temperature. During this test, the output power was initially unstable, exhibiting significant fluctuations around 2 W before eventually stabilizing. Cold starts below this temperature resulted in module failure. Although it survived a cold start at −40°C, it began to degrade gradually until it ultimately became permanently inoperative.
A final environmental characterization of the EDFA was conducted to accurately determine the input power to the LNA. In this module, input power monitoring at the preamplifier stage was not implemented to prevent an estimated 0.2 dB noise figure degradation. Additionally, conventional sensors typically measure power levels down to approximately −30 dBm, which is insufficient for space communications, where input power may drop to −40 dBm or lower. Nevertheless, estimating the power incident on the amplifier is critical, particularly when evaluating single-mode fiber coupling efficiency for calibration. Assuming APC mode operation and with the output power generally set to 2 mW (its maximum value), the input power level can be inferred based on its relationship with the preamplifier pump driving current, a parameter internally monitored by the LNA.
The relationship between pump current and input power is temperature-dependent, requiring a characterization across a range of temperatures. To this end, the correlation between input power and pump current was measured at room temperature (25°C), as well as under hot (56.77°C) and cold (−20.37°C) conditions. The results showed that in the hot state the pump current increased to 122% of its room temperature value, while at the cold state, it decreases to 90%. Using these three characteristic curves, it is possible to model the dependence of the pump current on both temperature and input power, enabling the calculation of the input power based on known temperature and pump current values.
4 CONCLUSION
This paper presents the successful development and environmental validation of a compact EDFA with integrated LNA and HPA, distinguished by its miniaturization and high performance, designed for satellite optical communications, and specifically tailored for NICT’s CubeSOTA mission. Environmental testing, including vibration, shock, radiation, and TVAC tests demonstrated the EDFA reliability under space-like conditions with minimal performance degradation across all tests even in extreme conditions. Extensive TVAC testing confirmed the HPA’s temperature dependence and provided insights into the module’s behavior under a wide range of operating conditions. The developed module is, to the best of the authors’ knowledge, the world’s smallest space-qualified EDFA including an LNA and an HPA delivering high output power, serving as a critical enabling technology for the CubeSOTA mission, which aims to demonstrate high data rate optical communications between ultra-small space platforms and ground stations or HAPS.
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LNA uses G.652.D fibers
HPA uses G.657.A2 fibers

LNA: 20 mm (loss =0.05 dB)
HPA: 10 mm (loss =0.1 dB)

‘Two-stage amplifiers for both LNA and HPA (can be
operated independently)

HPA optimized for ~1,540 nm
LNA optimized for ~1,560 nm

‘Three isolators in the HPA (one at the input and one
after each amplification stage)

Hybrid filters (integrating an isolator) in the LNA; a
2-stage fier in the second stage

HPA input & LNA output: LC/PCHPA output:
FC/APC; LNA input: FC/UPC

Comments/Details
Designed to be compatible with the CubeSat standard
HPA + LNA 2-in1 unit designed to minimize weight

Designed for maximum HPAS output power, and
‘minimum LNAS input power

Designed to match CubeSat's power system
ACC to optimize high output power and stability
under high-gain conditions

APC to maintain low-noise output power for

preserving integrity of weak signals

For seamless communication with common CubeSat’
onboard computers

Prevents damage by disabling HPA in absence of input
signal and re-enabling it when signal returns

Ensures redundancy against failures in critical
electrical connections

Enhances thermal transfer and provides
shock/vibration protection

Ensures reliable performance in a Low Earth Orbit
(LEO)

1-m length fibers with miniaturized connectors
(~20 mm)

Optimized for minimizing the overall device size
Designed to achieve high gain while maintaining low
noise

Designed for transmitting and receiving paths
respectively

Achieves an input-output isolation exceeding 30 dB

Central wavelength ~1,560 nm; bandwidth = 0.4 nm @
0.5 dB, designed to accommaodate Doppler shift

Selected to match the lasercom terminal’s modem
specifications and minimize back reflections
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