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A B S T R A C T 

The CosmoCube project plans to deploy a global 21-cm spectrometer with 10–100 MHz observation band in a lunar orbit. The 
farside part of such an orbit, i.e. the part of orbit behind the Moon, offers an ideal site for accurately measuring the 21-cm signal 
from the dark ages, cosmic dawn, and epoch of reionization, as the effects of the Earth’s ionosphere, artificial radio frequency 

interference, and complex terrain and soil are all a v oided. Given the limitations of a satellite platform, we propose a receiver 
calibration system design based on a radio frequency system-on-chip, consisting of a vector network analyser (VNA) subsystem, 
and a source switching subsystem. We introduce the measurement principle of the VNA, and discuss the effect of quantization 

error. The accuracy , stability , and trajectory noise of the VNA are tested in laboratory experiments. We also present the design of 
the source-switching subsystem, generating mock data sets, showing that the imperfect return loss, insertion loss, and isolation 

of surf ace-mounted microw a ve switches ha ve a minimal effect on the sk y fore ground fitting residuals, which are within ±10 

mK under optimal fitting condition. When all possible measurement errors in reflection coefficients and physical temperatures 
are taken into account, the foreground fitting residuals for the 50–90 MHz part of the spectrum remain around ±20 mK. 

Key words: Instrumentation – Radio Astronomy – Dark Ages – 21 cm Cosmology – Calibration. 
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 I N T RO D U C T I O N  

he 21-cm spectral line produced by the hyperfine transition of 
eutral hydrogen is a good tracer in the study of dark ages, cosmic
awn and epoch of reionization. We try to measure it at low radio
requencies because of cosmological redshift. One 21-cm probe is 
he sk y-av eraged signal measured with a wide beam antenna. This is
 measurement of great challenge because the Galactic synchrotron 
adiation foreground is about ∼4–5 orders of magnitude stronger. 
here are many ongoing ground-based experiments, such as EDGES 

Bowman et al. 2018 ), SARAS3 (Singh et al. 2022 ), LEDA (Price
t al. 2018 ), PRIZM (Philip et al. 2019 ), REACH (de Lera Acedo
t al. 2022 ), and many other experiments. Ho we ver, the observ ation
requency for most ground experiments cannot go below ∼30–
0 MHz due to the ionosphere absorption. Additionally, spectrum 

easurement abo v e 30 MHz will also be affected by ionosphere
pacity and distortion. Moreo v er, artificial radio frequency interfer- 
nce (RFI) and complex ground and soil conditions will distort the 
pectrum. 

Lunar orbit is an ideal site which is devoid of these issues.
he moon can help shield the RFI from earth (McKinley et al.
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012 ), and the strong solar emission caused by flares and coronal
ctivity (Mercier & Trottet 1997 ). The absence of the ionosphere
llo ws observ ation frequencies to go below ∼30–40 MHz, which
orresponds to the dark ages. In space, there is no spectrum distortion
aused by ionosphere, ground, or soil. There are a number of
roposals of lunar-based space 21-cm global spectrum experiments. 
urns et al. ( 2012 ) proposed a global spectrum measurement mission
alled the Dark Ages Radio Explorer (DARE), it is designed to
bserve 21-cm global spectrum above the lunar far side over 40 to
20 MHz with electrically short, by-conical dipole antennas. More 
ecently, Burns et al. ( 2021 ) proposed another mission concept
alled Dark Ages Polarimeter PathfindER (DAPPER), which will 
se a SmallSat with a total volume of < 1m 

3 to observe global
pectrum o v er the 10–110 MHz band on orbit abo v e the lunar far
ide. Chen et al. ( 2019 ) proposed the Disco v ering Sk y at the Longest
avelengths (DSL), also known as the Hongmeng project (Chen 

t al. 2023 ), planning to launch an array of satellites into lunar
rbit. Most of them will form a linear array making interferometric
bserv ations belo w 30 MHz, another one satellite will make high
recision global spectrum measurement abo v e 30 MHz. Rao et al.
 2023 ) proposed the Probing ReionizATion of the Universe using
ignal from Hydrogen (PRATUSH), aiming to precisely measure 

he global 21-cm spectrum o v er 40 to 200 MHz in lunar orbit with a
ono-cone antenna and a 2 ×12U bus containing a radio frequency

ystem and a digital receiver. 
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CosmoCube is a project led by the University of Cambridge, to
erform global 21-cm spectrum measurement e xperiment o v er the
0–100 MHz using standardized CubeSat to help study the dark
ges and cosmic dawn from the far side of lunar orbit (Artuc &
e Lera Acedo 2024 ). CubeSats are a class of satellites that are
tandardized in terms of size, mechanical design, electrical design,
nd operational design. Such standardization significantly reduces
oth the financial and time costs, enabling space science research to
e conducted efficiently. CosmoCube plans to use a 12U CubeSat,
hich is about 230-mm × 230-mm × 360-mm large, to deliver the

nstrument. To fit within the CubeSat platform, the instrument must
e as lightweight and compact as possible, and must have a very low
ower consumption. 
The CosmoCube instrument consists a foldable antenna mounted

n the exterior of the satellite; a radio frequency (RF) analogue part
ncluding the main receiver and calibration system; and a digital
eceiver for sampling analogue signals, performing a fast Fourier
ransform (FFT) to get the spectra, and then store the data for later

ransmission, etc. Since the RF system and digital receiver will all
e enclosed within the space of a 12U CubeSat, CosmoCube uses a
adio Frequency System-on-Chip (RFSoC) as the core component

or system design. The RFSoC integrates the analogue to digital
onverters (ADCs), the field programmable gate array (FPGA) used
or digital data processing, central processing unit (CPU), and several
eripheral interfaces on a single board. The highly integrated solution
an help reduce the size, power consumption, and complexity of the
ystem, providing high performance and flexibility for various RF
pplications. In addition, due to the volume constraint of the CubeSat,
e need to use surface-mounted devices to form the receiver,
otentially sacrificing its performance. This paper describes our
esign for the calibration system, which consists of a vector network
nalyser (VNA) subsystem and a source switching subsystem as well
s their performance simulations and tests. 

This paper is organized as follows. Section 2 introduces the digital
erformance of RFSoC. Section 3 describes the calibration method
sing noise wave parameters. Section 4 first describes the VNA
esign, tests the performance of the VNA through simulation and lab-
ratory tests, then describes the source switching subsystem design,
iscusses the effect of surface-mounted devices and measurement
rrors on sky temperature recovery and foreground fitting residuals.
ection 5 provides concluding remarks. 

 D I G I TA L  REC EIVER  

n this instrument, the digital board we use is a Zynq UltraScale +
FSoC ZCU111 Evaluation Board from Xilinx. This RFSoC

XCZU28DR-2FFV G1517E) inte grates eight 12-bit RF analog-to-
igital converter (ADC) channels with a maximum sampling rate of
.096 gigabit samples per second (GSPS), eight 14-bit RF digital-to-
nalog converter (DAC) channels with a maximum sampling rate of
.554 GSPS, an FPGA fabric, and two processors. The board offers
nly RFMC connectors for ADCs and D A Cs inherently, but the
MC-XM500 RFMC balun add-on board mates with the ZCU111
oard, providing SMA connectors to facilitate user development.
o we ver, the balun board only provides two ADCs and two D A Cs

etting for low frequency (10–3000 MHz) with 1:2 transformer,
hich may require future modification to meet the requirements
f the CosmoCube project. 
A document from the manufacturer shows that the full-scale

nput of the ADC is + 1 Vpp, corresponding to + 4 dBm, for a
0 � impedance system (Xilinx 2020 ). Some tests characterizing
he performance of the D A C and ADC have been conducted (Artuc
ASTAI 4, 1–14 (2025) 
 de Lera Acedo 2024 ). The D A C has two output modes: 32 and
0 mA. Here we adopt the 20 mA mode, although the maximum
ower will be smaller, the spurious free dynamic range (SFDR)
ncluding harmonics is about 71 dBc in single tune measurements
 v er the frequenc y range of 10–100 MHz, which is better than the
3 dBc in the 32 mA mode. When we use the D A C of the RFSoC
o generate continuous wave signals at varying output power levels
nd receive these signals with a spectrum analyser (a Keysight PNA-
), we observe that if the output power lev el e xceeds −5 dBm,

here is a noticeable increase in the noise floor and many spurious
armonics appear. Therefore, in designing the VNA subsystem,
o ensure the highest possible signal-to-noise ratio, −5 dBm is
he maximum power for measurement. As noted in Artuc & de
era Acedo ( 2024 ), the spectrometer design based on RFSoC can
chieve an SFDR of 75 dBc and an effective number of bits of 11.3
its o v er the frequenc y range of 10–100 MHz. This performance
eets the requirements of low-frequency measurements where the

ky temperature is approximately 30 dB higher than the ambient
emperature. 

 C A L I B R AT I O N  M E T H O D O L O G Y  

ince the 21-cm signal we aim to detect is extremely weak, ap-
roximately on the order of 100 mK, it is necessary to accurately
odel the system response and systematic noise. The o v erall design

f the receiver calibration system is based on the REACH receiver
ntroduced in Razavi-Ghods et al. ( 2023 ), incorporating calibration
echnique developed in Dicke ( 1946 ) along with noise wave param-
ters modelling of low noise amplifier (LNA) (Meys 1978 ; Rogers
 Bowman 2012 ). 
First-order calibration of the system can be achieved by using a

ick e switch (Dick e 1946 ) to mak e power spectral density (PSD)
easurement on antenna ( P source ), a noise source ( P L + NS ), and an

mbient 50 � load ( P L ) at a fixed reference plane to the receiver. A
reliminary antenna temperature T ∗source can be calculated using 

T ∗source = T NS 

(
P source − P L 

P L + NS − P L 

)
+ T L , (1) 

here T NS and T L represent the excess noise temperature of the
oise source and the physical temperature of the ambient 50 �
oad, respectively. This method is mainly used to calibrate out
ime-dependent system gain arising from the components within the
eceiver (Rogers & Bowman 2012 ). Since the noise source and the
0 � load are well matched (the reflection coefficients of them are
ypically on the order of 0.005 or less, i.e. the reflected temperature
s less than 10 mK), we can assume that the signal reflection due to
he mismatch can be ignored (Razavi-Ghods et al. 2023 ). 

The PSDs for them can be written as: 

P L = g sys 

[
T L 

(
1 − | � rec | 2 

) + T 0 
]

(2) 

nd 

P L + NS = g sys 

[
( T L + T NS ) 

(
1 − | � rec | 2 

) + T 0 
]

(3) 

Here � rec is the reflection coefficient of the receiver, g sys and T 0 
re the system gain and receiver noise offset, respectively. 

When considering other sources with non-negligible reflection
oefficients, the PSD function can be written as (Monsalve et al.
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P source = g sys 

⎡ 

⎣ T source 

(
1 − | � source | 2 

) ∣∣∣∣∣
√ 

1 − | � rec | 2 
1 − � source � rec 

∣∣∣∣∣
2 

+ T unc | � source | 2 
∣∣∣∣∣
√ 

1 − | � rec | 2 
1 − � source � rec 

∣∣∣∣∣
2 

+ T cos Re 

( 

� source 

√ 

1 − | � rec | 2 
1 − � source � rec 

) 

+ T sin Im 

( 

� source 

√ 

1 − | � rec | 2 
1 − � source � rec 

) 

+ T 0 

] 

. 

(4) 

ere, T source is the calibrated input temperature, � source is the reflec- 
ion coefficient of the antenna, and � rec is the reflection coefficient 
f the receiver. T unc , T cos , T sin are the noise wave parameters of LNA
ntroduced by Meys ( 1978 ). T unc represents the portion of input noise
hat is uncorrelated with the noise at the LNA output, while T cos and
 sin are components of the correlated portion. 
Substituting the expressions for P L , P L + NS , and P source into the

quation ( 1 ), we can get the calibration equation 

T NS 

(
P source − P L 

P L + NS − P L 

)
+ T L = T source 

[
1 − | � source | 2 

| 1 − � source � rec | 2 
]

+ T unc 

[ | � source | 2 
| 1 − � source � rec | 2 

]

+ T cos 

⎡ 

⎣ 

Re 
(

� source 
1 −� source � rec 

)
√ 

1 − | � rec | 2 

⎤ 

⎦ 

+ T sin 

⎡ 

⎣ 

Im 

(
� source 

1 −� source � rec 

)
√ 

1 − | � rec | 2 

⎤ 

⎦ 

, (5) 

hich can be simplified as (Roque, Handley & Razavi-Ghods 2021 ) 

T source = X unc T unc + X cos T cos + X sin T sin + X NS T NS + X L T L . (6) 

Using multiple calibrators with different impedance and measur- 
ng their reflection coefficients and PSDs, we can obtain the measured 
uantities (X-terms). With the measured physical temperatures of 
hese sources, we can calculate noise wave parameters T unc , T cos ,
 sin , T NS , and T L , then reco v er the sky temperature. 

 REC EIV ER  C A L I B R AT I O N  SYSTEM  

bservations will be conducted on the far side of the lunar orbit,
here the change of spacecraft temperature may affect the antenna 

eflection coefficient. Although the satellite will be equipped with 
n internal temperature controller, the receiver will inevitably expe- 
ience temperature drift. So it is necessary to measure the reflection 
oef ficients of dif ferent components and calculate noise wave pa- 
ameters of the LNA in real-time for precise system calibration. 

Fig. 1 shows the block diagram of the calibration system in the
nalogue receiver we will use for simulation and test. The calibration 
ystem mainly consists of a VNA subsystem detailed in Section 4.1 ,
nd a source switching subsystem introduced in Section 4.2 . We 
erformed simulations to e v aluate the measurement accuracy of the 
eceiver. The simulation method is outlined in Section 4.3 , with the
esults discussed in Section 4.4 . 
.1 Vector network analyser subsystem 

.1.1 Measurement principles 

e used the D A C and ADC of the RFSoC to build the VNA
easurement circuit, as shown within the dashed blue line in 
ig. 1 . Fig. 2 shows the internal algorithms of the RFSoC FPGA.
 numerically controlled oscillator (NCO) in the FPGA is used 

o generate a single-frequency cosine signal I = cos (2 πf t) and 
 sine signal Q = sin (2 πf t) , where f is the frequency and t is
he time. The signal frequency sweeps across the entire observation 
and, which is 10–100 MHz for our instrument. The cosine signal
s converted to analogue via a DAC, filtered with a direct current
DC) block and passed two cascaded directional couplers before 
eing reflected by the device under test (DUT). The signal flowing
ut from the coupled port of the first directional coupler DC1 is
 portion of the cosine signal generated by the NCO, denoted as
 1 = A 1 cos (2 πf t + φ1 ) . The signal flowing out from the coupled
ort of the second directional coupler DC2 is a portion of the signal
eflected by the DUT, denoted as V 2 = A 2 cos (2 πf t + φ2 ) . They
ill be sampled by two ADCs of RFSoC and then mixed with the I ,
 signal, resulting in four signals I 1 , Q 1 , I 2 , Q 2 : 

I 1 = I V 1 = 

1 

2 
A 1 [ cos (4 πf t + φ1 ) + cos ( φ1 )] 

Q 1 = QV 1 = 

1 

2 
A 1 [ sin (4 πf t + φ1 ) − sin ( φ1 )] 

I 2 = I V 2 = 

1 

2 
A 2 [ cos (4 πf t + φ2 ) + cos ( φ2 )] 

Q 2 = QV 2 = 

1 

2 
A 2 [ sin (4 πf t + φ2 ) − sin ( φ2 )] 

(7) 

Ne xt, we e xtract the DC components of these four signals by
ime-averaging, resulting in four DC signals, 

I 1DC = 

1 

2 
A 1 cos ( φ1 ) 

Q 1DC = −1 

2 
A 1 sin ( φ1 ) 

I 2DC = 

1 

2 
A 2 cos ( φ2 ) 

Q 2DC = −1 

2 
A 2 sin ( φ2 ) 

(8) 

If V 1 , V 2 represent the incident and reflected voltages of the DUT,
he reflection coefficient of DUT can be expressed as: 

 = 

A 2 

A 1 
e i( φ2 −φ1 ) = 

I 2DC − iQ 2DC 

I 1DC − iQ 1DC 
. (9) 

In the practical case with non-ideal directional couplers, V 1 and V 2 

re not exactly the incident and reflected voltages of the DUT, and
he raw reflection coefficient � is not exactly that of the DUT but
eeds correction. According to Rytting ( 1996 ), a single-port vector
easurement network can be modelled by a 3-term error model, 

ncluding the directivity error E D 

, match error E S , and tracking
rror E R . By measuring three known standards, these errors can be
alculated to determine the true reflection coefficient of the DUT. 

Although, in principle, the errors are eliminated by the VNA 

alibration process with the open-short-load (OSL) standards, the 
uantization errors arising from analogue-to-digital conversion could 
ead to a loss of information. This is particularly noticeable when

easuring a 50 � load with a very low reflection coefficient or when
easuring active components such as LNA with low power. For 

urface-mounted directional couplers, which is used because of the 
imited space of the CubeSat, b ut ha ve higher losses, larger reflection
RASTAI 4, 1–14 (2025) 
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Figure 1. The block diagram of the analogue receiver. ‘SP6T’ is the 6-way microwave switch. ‘SPDT’ is the 2-way microwave switch. ‘DPDT’ is the double 
pole double throw switch. SP6T2 and two directional couplers ’DC1’, ’DC2’ constitute the VNA-subsystem. � source represents the reflection coefficient of the 
antenna or calibrators, � rec is the reflection coefficient of the recei ver. A micro wave switch SPDT1 is used to enhance isolation and reduce antenna signal leakage. 
The part including SPDT1, SPDT2, SPDT3, SP6T1 and DPDT switches is considered as a multiport microwave network in the mock data sets generation 
process. The DPDT switch has two different operating states. When the DPDT switch is in state 1, the VNA measures S 11 of the antenna, calibrators, and the 
LNA. When the DPDT switch is in state 2, the RFSoC measures the spectrum of antenna and calibrators. 

Figure 2. The internal computation process of the RFSoC FPGA. 
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oef ficients, and poorer directi vity than coaxial directional couplers,
his error can be even more significant. In the following subsections,
e will investigate the abo v e issues in the RFSoC-based VNA design

hrough simulations and experimentation to assess the measurement
ccuracy. 
ASTAI 4, 1–14 (2025) 
.1.2 Quantization error simulation 

e conducted simulation tests using the MATLAB Simulink Plat-
orm. A program of VNA measurement simulation built based on
he SoC Blockset and SoC Blockset Support Packages for the Xilinx
evices in the MATLAB Simulink library. If the simulation results
eet expectations, we can directly generate hardware description

anguage code and deploy it to the RFSoC for laboratory tests, which
ill be introduced in Section 4.1.3 . 
The configuration of RFSoC data converter should be the same

or both simulation and laboratory tests. The stream clock frequency
s 256 MHz. Four NCOs are utilized to generate 16-bit signals with
he same frequency and adjacent phases, ensuring that the D A C
utputs four samples per clock cycle. Similarly, the ADC get four
amples per clock cycle. The interpolation factor for D A C and the
ecimation factor for ADC are both 4. Based on the configuration
bo v e, the sampling rate of ADCs and D A Cs are 4.096 GSPS. The
CO takes a phase increment as input and accumulates it, using the
uantized output of accumulator as an index to the lookup table of
he sine wave values and then produce accurate single frequency
ignal. To implement frequency sweeping functionality, a phase
ncrement value is needed by the NCO to generate signals at varying
requencies. This is given by 

� = round (2 N f /S) , (10) 

here f is the output frequency, N is the length of accumulator word
ength, S is the sampling rate. Due to the phase increment being an
nte ger, the frequenc y resolution is constrained by the sampling rate
nd accumulator word length. In this case, the sampling rate, S is
 × 256 MHz = 1024 MHz . To achieve a frequency resolution better
han 0.1 MHz, the word length is set to 14. Additionally, we configure

art/rzae064_f1.eps
art/rzae064_f2.eps
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Figure 3. Measurement errors in VNA simulation when calibrating with a 
−5 dBm po wer le vel and measuring with dif ferent po wer le vels: The first 
column corresponds to source 1 with � 1 = 0 . 5 exp ( −i × 0 . 01 f ) , and the 
second column to source 2 with � 2 = 0 . 02 exp ( −i × 0 . 01 f ) . The first row 

represents the magnitude errors in dB, and the second row represents the 
phase errors in degrees. Different coloured lines represent different power 
levels. The root mean squares (RMS) of the measurement errors are labelled 
in the legend. 
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Figure 4. Measurement errors in VNA simulation when calibrating and 
measuring with the same power level. The first column corresponds to source 
1 and the second column to source 2. Different coloured lines represent 
dif ferent po wer le vels. The RMS of the measurement errors are labelled in 
the legend. 

Figure 5. Top panel shows the magnitude of raw measurement S 11 . Bottom 

panel shows the magnitude difference between the raw S 11 obtained from 

the lo w-po wer measurements and the −5 dBm measurement. Left: Load 
calibration standards. Right: Source 2. 
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he dither bit of NCOs to add some dithering noise to help convert
uantized noise to white noise, reducing harmonics and spurious 
ignals. The cost of this is a lower signal-to-noise ratio. We tested
if ferent v alues, and chose a trade-of f v alue of 4. 
After the ADC samples the RF signal and converts it to a digital

ignal, the FPGA internally e x ecutes the mixing process described 
n equation ( 7 ) and the averaging process described in equation ( 8 ).
ubsequently, the data are transferred via the AXI bus into the 
rogrammable logic module for further computation and storage. 
n both simulation and laboratory tests, these data will be imported 
nto MATLAB workspace for raw reflection coefficient calculation 
nd calibration. 

In simulation, we assume that the reflection coefficients (i.e. S 11 )
f the open, short, load calibration standards are constant across the 
ntire frequency band, with respecti ve v alues of 1, −1, and 0. We
hoose two different sources, representing the high and low reflection 
oefficients. Source 1 has an S 11 magnitude of 0.5, while that of
ource 2 is 0.02, which is close to the LNA used in the receiver.
he phase of both varies linearly with frequency . Additionally , we
sed several power levels to study the effects of quantization error,
ncluding −5, −20, −25, and −30 dBm. We implemented two 
ifferent calibration methodologies: one is to calibrate with −5 dBm 

sing OSL calibration standards, and then measure the DUTs with 
 aring po wer le vels; the other is calibrating and measuring both with
he same power level. To speed up the simulation, the frequency 
weep interval is set to be 1 MHz. 

Fig. 3 shows the measurement errors when calibrating with 
5 dBm power level and measuring with different power levels. 
he VNA works well when measuring a DUT with a high reflection
oefficient, but it exhibits significant frequency structural errors when 
easuring a DUT with low reflection coefficient using low power. 
ig. 4 shows the measurement errors when calibrating and measuring 
ith the same power levels. Fig. 5 shows that the measurement 
rror is mainly due to the weak reflected signal of the low reflection
oefficient DUT, as the structures are fundamentally similar. Errors 
uring lo w-po wer measurement are significantly increased due to 
he introduction of measurement errors in the raw S 11 of the load
alibration standard. 

In simulation, changes in the output power do not affect the
ingle-port VNA error parameters. Ho we ver, in practice, different 
utput powers might alter the single-port error parameters, and the 
arameters of directional couplers are not completely the same as 
hose in the simulation. The most crucial insight from the simulation
RASTAI 4, 1–14 (2025) 
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R

Figure 6. A photo of the test setup. The ZCU111 e v aluation board is con- 
nected to the balun add-on board called XM500 providing SMA connectors. 
At the forefront is a circuit board comprising two ADC-10-4 + directional 
couplers. The input port is connected to one D A C, and the coupled ports of 
the two directional couplers are connected to the two ADC ports. The output 
port is open here and will be connected to different DUTs in the test. 
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Figure 7. The raw S 11 measurement results of a 50 � load calibration 
standard. Top figure shows the magnitude of the raw S 11 with different 
po wer le vels. Bottom figure sho ws the magnitude dif ference between the 
measurement results with −5 dBm power level and with other power levels. 

Table 1. Calibration power level and measurement power level used in three 
different measurement methods. 

Method Calibration power (dBm) Measurement power (dBm) 

I −5 −5 
II −5 −25 
III −25 −25 
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s the need to be vigilant about the measurement accuracy for low
eflection coefficients with low power. 

.1.3 Performance evaluation 

e conducted laboratory tests on the RFSoC-based VNA and com-
ared it with a commercial VNA to e v aluate its practical performance.
or this comparison, we utilized a N5247A PNA-X Microwave
etwork Analyser, which is calibrated with the N4433A Electronic
alibration Module. In the following text, it will be referred to as

PNA’. For the RFSoC, only a mechanical calibration kit could be
sed, specifically the Anritsu 3650 calibration kit in this test. To
nsure the accuracy of the comparison and eliminate any potential
rrors from calibration kits, we adopted the following experimental
pproach: 

(i) Calibrate the PNA using the N4433A Electronic Calibration
odule. 
(ii) Measure the S-parameters of mechanical OSL calibration

tandards and a series of different DUTs with the PNA, treating
he results as their true S-parameters. 

(iii) Measure the raw S-parameters of the same OSL calibration
tandards using the RFSoC-based VNA, and calculate the single-port
rror parameters. 

(iv) Measure the raw S-parameters of same DUTs using the
FSoC-based VNA, calibrate them with previous error parameters

o obtain the calibrated S-parameters. 
(v) Compare the results of the PNA and the RFSoC-based VNA. 

Fig. 6 shows the test setup. We integrated two ADC-10-4 +
irectional couplers on a single circuit board and connected the input
ort and two coupling ports of this board to the D A C and ADC SMA
orts on the balun add-on board. A DC blocker was connected to the
ASTAI 4, 1–14 (2025) 
 A C output on the balun add-on board to prevent the influence of
C signal. A specially designed connection scheme will be used for

he satellite, while here it is just for testing purposes. 
A variety of test objects were selected as DUTs. Our choices

ncluded attenuators with variant resistances, primarily to evaluate
he accuracy of the VNA when measuring S 11 with flat amplitude
nd phase. We also chose a narrowband filter with resonance points
n their S 11 within the band to e v aluate the accuracy of VNA in
easuring rapidly changing amplitude and phase. Additionally, we

elected a cable, as it will be used in noise parameters calculation.
ollowing the aforementioned criteria, we selected a 1 dB attenuator,
 13 dB attenuator, a 22 MHz filter, and a 10-m cable. During
easurement, one end of these DUTs is connected to an open

alibration standard, and the other end is connected to the output
ort of the circuit board. We used a 13 dB attenuator because its S 11 

s approximately −26 dB when terminated with an open calibration
tandard, which is close to the S 11 of the LNA. 

First, we examined the raw S 11 measurement results of the load
alibration standard to see if there are frequency structural errors
aused by quantization errors. Fig. 7 compares results using different
o wer le vels, with −5 dBm as the standard. A noticeable wiggling
attern appears at measurement with −35 dBm power, and this
attern will become more obvious when using lower power, which is
ot shown in this figure but has been verified through experiments.
lthough the measurement result with −25 dBm exhibits higher
oise levels, it a v oids significant structural errors, and this input
o wer le vel will not damage the LNA chips. Therefore, in our
ubsequent tests, we have chosen −25 dBm as the lo w-po wer output.

In the accuracy testing of the RFSoC-based VNA, we adopted
hree different measurement methods, which are listed in Table 1 . 
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Figure 8. The measurement results of the RFSoC-based VNA and the PNA for four DUTs and their differences. The black line represents PNA measurement 
results, while the other different coloured lines represent measurement results of different power methods for RFSoC-based VNA. The shaded area represents 
the measurement uncertainty of PNA. The four columns correspond to a 1 dB attenuator, a 13 dB attenuator, a 22 MHz filter, and a 10-m cable, all of which are 
terminated with an open calibration standard. The first and third rows are magnitude in dB and phase in de grees, respectiv ely. The second and fourth rows are 
the magnitude and phase differences from the PNA measurements, respectively. 
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In the test, the frequency resolution is 0.0675 MHz and the 
easurement duration is 0.01 s per frequency point. Fig. 8 shows

he measurement results of the RFSoC-based VNA and the PNA, 
s well as the differences between them. The shaded area repre- 
ents the measurement uncertainty of PNA, obtained by the VNA 

ncertainty calculator provided by Keysight Technologies ( 2020 ). 
or sources with low reflection coefficients, the measurement error 
f RFSoC-based VNA and uncertainty of PNA are both larger, indi-
ating more difficult measurements for sources with low reflection 
oefficients. 

These results show that in the actual experiments, the accuracy 
f method III is higher than that of method II in most cases. For
he 13 dB attenuator, although method I deviates the most from
he PNA measurements, this is likely due to the stability of cables
nd connectors for low reflection coefficient measurement (Buber 
t al. 2019 ). Regarding method I as a standard, method III still
utperforms method II. It is different from the conclusions drawn in 
he simulation, indicating that the 3-term error parameters of single- 
ort VNA have changed after altering the po wer le vel. Fig. 9 shows
he 3-term error parameters calculated with two power levels, and 
light differences can be observed. Notably, all measurement errors 
re within the uncertainty of the PNA, except the resonance point of
he 22 MHz filter. It may be due to the rapid change of S 11 near the
esonance point in logarithmic coordinates and is more likely to cause 
arger measurement errors, which needs to be impro v ed in the future.
n Section 4.4 , we will explore the impact of VNA measurement
rrors on the 21-cm sky signal by simulating the entire analogue
eceiver. 

We also conducted tests on the stability and trajectory noise. Fig.
0 illustrates the stability of the RFSoC-based VNA. As expected, 
hen measuring low reflection coefficient devices with low power, 

he results are the least stable, with the magnitude’s RMS being
ess than 10 −2 dB and the phase’s RMS being less than 5 × 10 −3 

egrees. Fig. 11 illustrates the trace noise of VNA measurement. 
ere, for better visibility of the noise level, it is assumed that the
pen calibration standard is ideal, with a reflection coefficient of 
 dB. The noise of a single measurement is about ±2 ∼3 × 10 −3 dB
cross the frequency band, and after 10 times of averaging, the noise
RASTAI 4, 1–14 (2025) 
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and phases. The first column is magnitude in dB, the second column is phase 
in degrees. 
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Figure 11. The results of ten continuous measurements of the open calibra- 
tion standard with −5 dBm power level; the thick black line represents the 
average of these ten measurements. 
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Table 2. The RF electrical specifications of mechanical 6-w ay microw ave 
switch MSP6TA-12 + and surf ace-mounted 6-w ay microw ave switch JSW6- 
33DR + . All data are based on typical results from measurements taken within 
5–1000 MHz, at 25 ◦C ambient temperature and under normal supply voltage, 
sourced from the Xilinx website. 

Microwave switch Insertion loss (dB) Isolation (dB) Return loss (dB) 

MSP6TA-12 + 0.1 100 32.3 
JSW6-33DR + 0.5 60 30.5 
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an be ef fecti vely reduced to less than ±1 × 10 −3 dB, much less than
he measurement error showed in Fig. 8 . 

.2 Source switching subsystem 

n order to calculate the noise wave parameters of the LNA in
eal time, several calibrators are required within the instrument. In
azavi-Ghods et al. ( 2023 ), REACH used 12 different calibrators,

ncluding a 2-m and a 10-m cable. This approach was aimed at pro-
iding frequency-dependent impedance and filling the Smith chart as
uch as possible. Ho we ver, due to the satellite’s size constraints, it

s not feasible to use so many calibrators on CosmoCube. As shown
n Fig. 1 , in addition to the noise source, we use six calibrators as
ollows: 

(i) A hot 50 � load heated to 370 K. 
(ii) An ambient temperature 50 � load 
(iii) A 0.2-m cable connected to switch SPDT2 (terminated in 10
, or 250 �) at ambient temperature. 
(iv) A 2-m cable connected to switch SPDT3 (terminated in Open,

r Short) at ambient temperature. 

The part framed by the dashed orange lines in Fig. 1 is the source
witching subsystem. Table 2 compares the electrical specifications
ASTAI 4, 1–14 (2025) 
f the surface-mounted microwave switches and the mechanical
witches. Insertion loss describes the signal power loss during trans-
ission. Return loss describes the reflection of signal power due to

mpedance mismatch between different transmission lines or devices.
solation is the degree to which a device or component prevents
nwanted signal coupling between its ports. For surface-mounted
witches, the higher return loss complicates system response, ne-
essitating more precise S 11 measurements for both the antenna and
eceiver. Higher insertion loss can cause ambient temperature to leak
nto the spectrum, requiring accurate lab measurements and real-time
emperature monitoring. Poorer isolation may lead to signal leakage
etween paths, making it difficult to eliminate during calibration due
o the challenges in accurately measuring isolation. Nevertheless,
ue to the limited space, the surf ace-mounted microw ave switches
ill be used due to the limited space available. 
If isolation needs to be taken into account in calibration, the entire

alibration process will involve a very large number of parameters,
hich is too complex and less robust. So we hope to ensure that

ignals from different paths remain independent and unaffected by
ach other in our design. We adopted a switch SPDT1 to reduce signal
eakage from antenna. It switches to the antenna when the receiver is

easuring it, and to a 50 � load when the receiver is measuring other
alibrators. Similarly, the noise source will be switched off when it
s not being measured. 

.3 System modelling and calibration 

t is not easy to analytically express the impact of non-ideal surface-
ounted microwave switch performance and VNA measurement

rrors on 21-cm signal observations (Sun et al. 2024 ), so we
eveloped a process to assess the effects by generating mock data
ets based on actual electrical specifications of surface-mounted
witches, performing calibration and sky temperature reco v ery, and
hus calculating the foreground fitting residuals. 

.3.1 Mock spectrum generation 

hen the isolation of the microwave switch is not perfect, equa-
ion ( 4 ) is inadequate for its description. More generally, the receiver
an be modelled as a multiport microwave network, connecting
he antenna, multiple calibrators, an LNA, and two ports of the
P6T2. When measuring a particular source, the PSD function can
e expressed as 

P source = g sys 

( ∑ 

s 

K s T s + K amb T amb + 

∑ 

nw 

K nw T nw 

) 

. (11) 

he terms in the brackets correspond to the contributions of the
ource temperature, the leakage of ambient temperature, and the
oise wave parameters of the LNA, respectively. The receiver gain
 sys can be determined by calibration across the entire frequency
and, and no additional radiometric noise is added. Here T s is
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Figure 12. Reflection coefficients of various components, including antenna, 
LNA, and calibrators, used to generate the mock data. These data are 
smoothed and free of noise. 

Table 3. The RF electrical specifications of SPDT , SP6T , DPDT microwave 
switches used in the simulation. All data are based on typical results from 

measurements taken within 10–100 MHz, at 25 ◦C ambient temperature and 
under normal supply voltage, sourced from the official data sheet. 

Type Model Insertion loss (dB) Isolation (dB) Return loss (dB) 

SPDT HMC784A 0 .26 67 34.0 
SP6T JSW6-33DR + 0 .5 60 30.5 
DPDT CMD272P3 1 .0 52 20.5 
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Figure 13. Left: Sky temperature considering only the Galactic synchrotron 
foreground. Right: The noise wave parameters of the LNA used in mock data 
generation. 
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he source temperature, for most types of calibrators it is the 
hysical temperature, and for the antenna is the sky temperature. 
he coefficient of the source temperature K s is calculated using the 
ython package SCIKIT-RF (Arsenovic et al. 2022 ). By modelling the 
ource switching subsystem as a multiport microwave network, we 
an calculate the po wer recei ved at the LNA port originating from
arious sources. 
T amb is the ambient temperature. The coefficient of the ambient 

emperature leakage K amb is calculated by the method introduced in 
edge & Rutledge ( 1991 ). In this simulation, we have assumed that

he switches and the two cables have the same temperature, which is
 reasonable assumption given the small size of the satellite and its
hermostatic regulation. 

T nw are the set of noise wave parameter of the LNA. The corre-
ponding coefficients K nw are calculated by treating the multiport 
etwork and all sources as an equi v alent antenna, then substituting
he reflection coefficient of this antenna into the coefficients of T unc ,
 cos , T sin in equation ( 4 ). 
The frequency band of the simulation is 10–100 MHz. The design 

f the antenna will be detailed in a subsequent paper, here we merely
ote that it is a foldable matched antenna. In this simulation we scale
he reflection coefficient of the REACH dipole antenna (Lera Acedo 
t al. 2022 ) into the observation frequency band of this instrument,
s shown in Fig. 12 . Similarly, the same LNA as REACH is used
n this simulation. The impedance of the noise source, hot load, and
mbient load are all assumed to be 50 �. The reflection coefficients
f other calibrators consisting of cables and terminals are obtained 
rom advanced design system simulations, also shown in Fig. 12 . 

We have selected several commercial microwave switches with 
elatively good RF performance within the observation frequency 
and for the simulation. The models and parameters of the microwave 
witches are shown in Table 3 . These parameters are flat in the obser-
ation frequency band, so they are set to be frequency-independent 
n the simulation. 

The physical temperature of the hot load is 370 K, while all other
omponents are at 300 K. The noise source has a flat excess noise
emperature of 1100 K across the band. The sky temperature is
ominated by the Galactic synchrotron radiation, which is a smooth 
ower-law-like spectra. We utilize a five-term polynomial used in 
owman et al. ( 2018 ) to model the sky foreground temperature: 

T F ( ν) = 

4 ∑ 

n = 0 

a n ν
n −2 . 5 . (12) 

ere a n are the coefficients fitted to the measurement data from
DGES (Bowman et al. 2018 ), which will be used to extrapolate the

oreground temperature to 10–100 MHz as the antenna temperature 
n the simulation, shown in Fig. 13 . In this simulation, we do
ot consider the 21-cm signal because it is weak compared to the
alactic synchrotron signal, and our main objective is to study the

ffect of surface-mounted switches and measurement error on the 
ntenna temperature reco v ery. The noise wav e parameters of LNA
or the mock data generation are also plotted in Fig. 13 , which are
erived from the REACH LNA noise parameter measurements in 
he laboratory and fitted with second-order polynomials. If there are 

ore complex structures in the actual noise wave parameters once the
hole receiver being assembled, we will observe it in the analysis,

nd then use higher order model for the system calibration. 

.3.2 S-parameter and temperature correction 

he OSL calibration are performed with respect to a reference plane
f the VNA at the ports of SP6T2, while the signal paths used to
easure S 11 of the antenna and the LNA include additional paths

hrough the DPDT switch, as shown by the solid red lines in Fig. 1 .
o we ver, when measuring the spectrum, the signal passes through

he DPDT switch along the solid blue line. Therefore, the measured
 11 needs to be corrected for these differences. In Fig. 1 , the reference
lane for defining the reflection coefficients of the antenna and the
eceiver is labelled at the end of the solid blue line near the LNA.
o make this translation, we model the difference in signal paths
s tw o-port netw orks, characterized by the scatter matrix [S], which
an be measured in laboratory with high accuracy using the through-
eflection-line method (Rytting 2001 ). The mock measurement S 11 

ata are generated by calculating the ratio of the output and incident
oltages at the ports of the SP6T2 switch using the multiport network
odel described in Section 4.3.1 , then corrected as (Pozar 2011 ), 

� out = S 22 + 

S 12 S 21 � S 

1 − S 11 � S 
, (13) 

here � S and � out are, respectively, the reflection coefficients before 
nd after embedding the DPDT. 

During calibration, the signal path from the calibrators to the S-
arameter reference plane can be treated as a tw o-port netw ork for
emperature correction. Fig. 14 illustrates this model for calculating 
he ef fecti ve temperature of the hot load, applicable to all other
RASTAI 4, 1–14 (2025) 
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R

Figure 14. A schematic diagram of temperature correction for 50 � hot load. 
All switches and cables between the 50 � load and the LNA are treated as 
a two-port network. In the simulation, it is assumed that the temperature of 
each component within this two-port network is the same, denoted as T ntw , 
which is different from the temperature of the hot load, T cal . 
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Table 4. Parameter differences between the four mock data sets. The first 
column is the name of the mock data sets. The second to fourth columns 
are the insertion loss, return loss, and isolation of the microwave switches, 
respectively. The ‘ −’ sign indicates that the effect of this parameter is not 
considered, i.e. the switches have ideal insertion loss, reflection loss, and 
isolation. The ‘ + ’ sign indicates that the corresponding parameter in the 
datasheet is used for simulation. The fifth columns indicates whether SPDT1 
switches to a 50 ohm load when the receiver measures other sources except 
the antenna. The ‘ −’ sign indicates not switching while ‘ + ’ sign indicates 
switching. 

Data set Insertion loss Return loss Isolation SPDT1 switch 

RefSet – – – –
IsoRefSet + + – –
SwitchOffSet + + + –
SwitchOnSet + + + + 

Figure 15. Top: Spectrum temperature (kelvin) for various calibrators in 
IsoRefSet . Bottom left: The difference between the spectrum temperature 
(millikelvin) in SwitchOffSet and that of IsoRefSet . Bottom right: The 
difference between the spectrum temperature (millikelvin) in SwitchOnSet 
and that of IsoRefSet . 
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alibrators and antenna. The av ailable po wer gain for this two-port
etwork is the ratio of the power available from the network to
he po wer av ailable from the source, expressed using the follo wing
quation in Pozar ( 2011 ): 

G = 

| S 21 | 2 
(
1 − | � R | 2 

)
| 1 − S 11 � R | 2 

(
1 − | � source | 2 

) , (14) 

here S 21 and S 11 are the forward S-parameters of this two-port
etwork. � R is the reflection coefficient of the calibrator and � source 

s the reflection coefficient measured at the reference plane. Due
o the non-negligible insertion loss, the microwave switches also
ontribute to the noise po wer. With av ailable gain, we can get the
f fecti ve temperature T source of each source as: 

T source = GT cal + (1 − G ) T ntw , (15) 

here T cal is the physical temperature of calibrator and T ntw is the
hysical temperature of the two-port network. Most components
ould have nearly the same temperature, there are exceptions, for

xample the 50 � hot load and the antenna. In Section 4.3.1 , we
ssume a common temperature for the switches and cables, and use
 multiport network to calculate the ambient temperature leakage. 

.3.3 Calibration steps 

n simulation, we used dif ferent configurations, i.e. dif ferent model
f switches performance and measurement errors. For each configu-
ation, we generated a corresponding mock data set. Each mock data
et contains: 

(i) The spectrum of each source as measured by the receiver. 
(ii) Reflection coefficients of the antenna, calibrators, and LNA
easured at the reference plane. 
(iii) The S-parameters of the two-port networks representing

ifferent signal propagation paths within DPDT switch, which are
sed for the S-Parameter correction. 
(iv) The S-parameters of the tw o-port netw orks representing

ignal propagation paths from different sources, which are used for
he temperature correction. 

(v) The physical temperatures of the calibrators, cables, and
icrowave switches. 

The calibration process is the same for each simulated data set,
isted below: 

(i) Correct the S-parameters of different sources and LNA using
he method described in Section 4.3.2 . 

(ii) Build the temperature correction model for different sources
sing the method described in Section 4.3.2 . Correct the hot load
emperature, whilst the switches and cables are assumed to have a
ommon ambient temperature. 
ASTAI 4, 1–14 (2025) 
(iii) Calculate the X-terms of equation ( 6 ) and perform polyno-
ial fit with the least-squares method to calculate the noise wave

arameters of the LNA. 
(iv) Substitute the noise wave parameters into the antenna’s PSD

quation to get the antenna temperature, which is then fed into the
ntenna’s temperature correction model to reco v er sk y temperature. 

(v) Using equation ( 12 ) to fit the reco v ered sk y temperature
nd obtain the residual, which are the systematic errors which
ontaminate the 21-cm signal. 

.4 Simulation results 

.4.1 Simulation for the effect of isolation 

n order to explore the effects of isolation on the calibration results,
e generated four different data sets whose differences are listed

n Table 4 . In RefSet , all microwave switches are ideal – there is
o insertion loss, reflection loss, or signal leakage – serving as
 reference to validate the calibration approach. In IsoRefSet , the
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Figure 16. The difference between the corrected S 11 in SwitchOnSet and 
that of IsoRefSet . Left graph shows the magnitude difference of S 11 in dB. 
Right graph shows the phase difference of S 11 in degrees. 

Figure 17. Left: The relationship between the RMS of the sky temperature 
reco v ery error (top) or fitting residuals (bottom) and the polynomial orders 
used to fit noise wave parameters in different mock data sets. Right: The 
reco v ered sk y temperature error (top) or fitting residuals (bottom) for all data 
sets using the optimal polynomial order, respectively. 

Figure 18. The corrected S 11 magnitude of the LNA when there is a 
measurement error of ±0 . 1 dB at the calibration plane of the VNA. The 
solid line represents the results in RefSet , while the dashed line represents the 
results in SwitchOnSet . 
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nsertion loss and reflection loss follow the parameters specified in 
able 3 , while isolation remains ideal. In the two remaining cases
witc hOffSet and Switc hOnSet , we consider the impact of non-ideal
solation. When the SP6T1 in Fig. 1 is switched to internal calibrators, 
ue to the non-ideal isolation of the switch, there could still be some
eakage caused by antenna through it to the LNA. In SwitchOffSet ,
e consider the case where the SPDT1 switch is connected to the

ntenna when not in use, while in SwitchOnSet , we consider the
ase where it switches to a 50 � load. This comparison is intended
o demonstrate the impact on the system when the SPDT1 switch
nhances the isolation of the antenna signal propagation path. All 
ther aspects of these data sets are identical. 
First, we compare the spectrum of these data sets to show the

mpact of signal leakage. The top plot in Fig. 15 shows the spectrum
f various calibrators in IsoRefSet , containing contributions from 

oth the source temperature and LNA noise temperature. The bottom 

anel illustrates the difference between the spectrum in SwitchOffSet 
nd SwitchOnSet compared to IsoRefSet , showing the effect of non-
deal isolation. If SPDT1 is kept connected to the antenna, signal
eakage contributes up to 400 mK to the spectrum. If SPDT1 is
witched to the 50 � load, the signal leakage is reduced to about 3
K, indicating that SPDT1 ef fecti vely enhance the isolation of the

ntenna signal propagation path. 
Similarly, we study the effect of non-ideal isolation on the 
easurement of reflection coefficients for various components. Fig. 

6 shows the difference between the corrected S 11 in SwitchOnSet 
nd IsoRefSet . The greatest impact of isolation on the measurement of
-parameters occurs at the resonance frequency of the antenna, with 
 magnitude of 8 × 10 −4 dB and a phase of 6 × 10 −3 de g. It is ne g-
igible compared to the potential VNA measurement inaccuracies. 
herefore, the effect of isolation on the S-parameters measurement 

s not significant. 
We used polynomial functions of different orders to fit the noise

ave parameters, then recover the sky temperature and get the 
oreground fitting residuals. Basically, we want both the reco v ery
rror and the fitting residuals to be as small as possible. Fig. 17
hows the root mean square (RMS) and frequency structure of these
wo indicators. As expected, in RefSet , the sky temperature can be
erfectly reco v ered by using second-order polynomial functions to 
t the noise wave parameters, the same order as used to generate

he mock data. For IsoRefSet , a higher order polynomial is needed
o fully reco v er the sky temperature. The reflection coefficient of
he noise source measured at the reference plane is no longer zero
hen considering non-ideal switches, so the equi v alent temperature 
f the noise source will vary with frequency. The graph shows that
 fifth-order polynomial fitting results in reco v ery error less than
 mK, which is sufficiently small compared to the 21-cm signal.
o we v er, in the Switc hOffSet and Switc hOnSet cases, the reco v ery

rror cannot be reduced to a very low lev el. F or Switc hOffSet ,
he reco v ery error obtained by fitting the noise wave parameters
ith tenth-order polynomial is abo v e 400 mK at low frequencies,
here the sky temperature is particularly high. For SwitchOnSet , 

he maximum value of the reco v ery error obtained by fourth-order
olynomial fit is less than 60 mK. 
In actual experiments, we do not know the true sky temperature,

o we are more concerned with foreground fitting residuals as it may
ontaminate the 21-cm signal. For SwitchOffSet , the fitting residuals 
re approximately within ±10 mK at the optimal polynomial fitting 
rder, while for Switc hOnSet , the y are within ±5 mK. Higher order
olynomials lead to higher fitting residuals because they absorb the 
ndesirable leakage of non-ideal isolation of the switches into the 
oise wave parameters, improving calibrator fits but increasing sky 
RASTAI 4, 1–14 (2025) 
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R

Figure 19. The fitting residuals at the optimal polynomial fitting order in SwitchOnSet when considering all types of measurement errors. The frequency band 
is divided into 10–40 MHz (left) and 40–100 MHz (right). Black lines represent results with full errors, while grey lines represent results with half errors. 

Figure 20. The fitting residuals at the optimal polynomial fitting order in SwitchOnSet when considering different types of measurement errors in 40–100 MHz. 
The left plot considers only the antenna’s S 11 measurement error, the middle plot considers only LNA’s S 11 measurement error, and the right plot accounts for 
all other S 11 s and physical temperature measurement errors. Black lines represent results with full errors, while grey lines represent results with half errors. 
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t  
emperature reco v ery errors. Considering both indicators, Switc hOff-
et can achieve low fitting residuals with second-order polynomial
ut the reco v ered sk y temperature significantly differs from the actual
emperature. Overall, the presence of the SPDT1 switch aids in
chieving smaller reco v ery error and fitting residuals. 

.4.2 Simulation for the effect of measurement error 

he previous simulation assumes that all measurements are accurate,
o we ver the main sources of actual calibration error are the various
easurement errors. From equation ( 5 ), calibrating the receiver

equires the measurement of three variables: PSDs, the physical
emperatures, and reflection coefficients, each with potential errors.

e add these measurement errors to SwitchOnSet to e v aluate if the
esulting foreground fitting residuals meet our requirements. 

The PSDs are measured by RFSoC-based digital spectrometer. As
emonstrated in Section 2 , the dynamic range is sufficient to ensure
he linearity of the received PSD. Therefore, PSD measurement errors
re not considered in further analyses. For physical temperature
easurement, existing commercial probes can achieve an accuracy

f less than ±0.1 K. Based on Section 4.1.3 tests, we assume for
alibrators connected two cables, the S 11 errors are ±0.01 dB and
0 . 2 ◦. For LNA, hot load and ambient load, the S 11 error is ±0.1 dB

nd ±0 . 2 ◦. For other calibrators, the S 11 error is ±0.01 dB and ±0 . 1 ◦.
he measurement error occurs at the calibration plane of the VNA,
ASTAI 4, 1–14 (2025) 
o they will be amplified by the imperfect S-parameters of the DPDT
witch in the reference plane. Fig. 18 shows that a ±0 . 1 dB error
n the LNA’s reflection coefficient measured at the VNA calibration
lane can introduce additional errors of up to 0.07 dB at 100 MHz
fter shifting the calibration plane. 

Since the signs of errors in actual measurements are uncertain,
e assign different error signs to the S 11 magnitude, S 11 phase, and
hysical temperature measurements, then observe the foreground
tting residuals in different cases. As before, we calculate the RMS
or different polynomial fitting orders and select the order with the
owest RMS to show the residual frequency structure. Given the large
0–100 MHz bandwidth, we divide it into two sub-bands to observe
esidual variations. The results are the black lines in the Fig. 19 . In
0–40 MHz range, the foreground fitting residuals are within ±300
K except for the edge of the band. It is relatively large due to

igh foreground temperature in low frequency, making foreground
tting much more difficult, which needs to be impro v ed in the future.
n 40–100 MHz range, which is of more interest for ground-based
 xperiments, the reco v ery errors are within ±40 mK e xcept at the
and edges, and up to ±20 mK in 50–90 MHz. The frequency
tructure of the residuals are related to the foreground model we
re using. We also try to introduce half of the measurement error,
hown as grey lines, resulting in fitting residuals being halved as well.

Fig. 20 illustrates the contribution of different measurement errors
o the final fitting residuals in the 40–100 MHz range. The antenna’s
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are listed in Table A1 . 
 11 measurement error is the primary source of residual, followed 
y the LNA’s S 11 error, while other errors have relatively small
ontribution to the final fitting residuals. 

 C O N C L U S I O N S  A N D  F U T U R E  WO R K  

osmoCube plans to perform global 21-cm spectrum experiment in 
unar orbit to a v oid RFI, ground and ionosphere effects. The receiver
esign is based on RFSoC, which integrates RF data converters, 
PGA, CPU, and several peripheral interfaces on a single board, 
elping to reduce size, weight, and power consumption. We presented 
he measurement principles and design of the RFSoC-based VNA 

odule, discussed the effect of quantization errors on reflection 
oefficient measurements using the MATLAB Simulink Platform. 
he main error arises from lo w-po wer measurements on DUTs with

ow reflection coefficients. We performed laboratory tests on the 
NA module, including minimum output power, accuracy , stability , 

nd trace noise. The largest measurement error occurred at the 
esonance frequency of the filter where the reflection coefficient 
hanged dramatically. In addition, when calibrating and measuring 
 13 dB attenuator terminated with an open calibration standard at 
25 dBm output power level, the measurements differed from the 
NA results in the laboratory by approximately 0.1 dB and 0 . 1 ◦.
e also presented the design of the source switching subsystem. 

ince it is necessary to use surface-mounted switches, we generated 
ifferent mock data sets and discussed the effect of the RF electrical
erformance of these switches on the sky temperature recovery 
nd foreground fitting residuals through simulation. The effect of 
ignal leakage can be reduced by adding a microwave switch 
o impro v e the isolation of the antenna signal path. F ore ground
ignals can be accurately subtracted if all physical temperatures and 
eflection coefficients are accurately measured. Considering all types 
f measurement errors, the fitting residuals of the foreground in 50–
0 MHz can be controlled within ±20 mK, small enough compared 
o 21-cm signal. The antenna’ S 11 measurement error is the primary 
ource of foreground fitting residual. 

Future work will focus on how to impro v e the measurement
ccuracy of the VNA module, especially at the resonance point. 
or the source switching subsystem, it is still necessary to search 
etter methods to ensure signal isolation, as well as to find more
uitable cable lengths and impedances of calibrators to impro v e 
ystem calibration accuracy. Since the VNA measurement error is 
nevitable, we will try to find a better method that takes this error
nto account to impro v e the calibration accuracy and subtract the sky
oreground as much as possible, especially at low frequencies. 
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Table A1. Abbreviations used in the text and their definitions. 

Abbreviations Definition 

RFSoC Radio frequency system-on-chip 
VNA Vector network analyser 
RFI Radio frequency interference 
LNA Low noise amplifier 
ADC Analog-to-digital converter 
D A C Digital-to-analog converter 
GSPS Gigabit samples per second 
FPGA Field programmable gate array 
SMA Subminiature version A 

SFDR Spurious free dynamic range 
PSD Power spectral density 
NCO Numerically controlled oscillator 
DC Direct current 
DUT Device under test 
OSL Open-short-load 
RMS Root mean squares 
DPDT Double pole double throw 

SPDT Single pole double throw 

SP6T Single pole six throw 
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