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Abstract:
In a wireless communication system, the radio propagation channel is a complicated component to characterize. Channel sounding
equipment thus has to meet specific criteria to extract the desired channel parameters. In this paper, we outline the development
and validation of a vector network analyzer (VNA) based channel sounder for the frequency range from 1 GHz to 50 GHz using
radio-over-fiber (RoF) techniques. Three methods of de-embedding phase errors due to hardware impairments are demonstrated
and validated via back-to-back measurements. The bidirectional scheme utilizing optical circulators is shown to have a superior
performance over the two-branch unidirectional and the two-branch bidirectional schemes. Therefore, the bidirectional scheme
utilizing optical circulators is proposed to achieve a long range ultra channel sounder based on the VNA.

1 Introduction

The demand for higher data rates and high radiolocalization accu-
racy in fifth generation (5G) and beyond networks have necessitated
the use of ultra-wideband (UWB) systems [1–3]. This has led to
the extensive research in the millimeter-wave (mm-wave) frequency
bands where there is availability of large contiguous bandwidth
[4–6]. System operation at mm-wave bands presents several oppor-
tunities, for example the small wavelength at mm-wave bands allows
implementation of electrically large antenna arrays in compact form
thus enabling state-of-the-art beamforming techniques [7]. Besides
the mm-wave frequency bands, 5G networks are also expected to
operate in centimeter-wave (cm-wave) frequency bands [8]. Chan-
nel modeling for 5G thus requires extensive characterization of radio
channels over a wide frequency range.

Channel measurements over wide frequency ranges reported in
the literature have been fundamental in validation and calibration
of channel models [9]. With the rapid development of state-of-
the-art channel emulation techniques, the measured channels can
be replayed in controlled laboratory environments for device test-
ing thus accelerating the integration of new features in 5G radios
[10, 11]. Radio propagation channels are often characterized by high
mobility of users, high user density and high diversity of materials
with different constitutive parameters interacting with the propagat-
ing electromagnetic wave from the transmitter (Tx) to the receiver
(Rx). Mobility of the Tx or Rx thus results in the Doppler effect
on the propagating signal while the interaction of the electromag-
netic wave with different materials in the propagation environment
could result in a change of the polarization. In addition multipath
rich environments results in different angle of arrival (AoA) of the
multipath component (MPC)s. These phenomena present practical
challenges on the channel sounding equipment which makes it very
difficult to develop a one in all solution able to capture all the channel
parameters [12].

Channel sounding approaches reported in the literature can gen-
erally be grouped in two major categories: time-domain based and
frequency-domain based approaches. The time-domain approach
enables tether-free channel sounding where the Tx and the Rx

are not cable-connected and using of a wide instantaneous band-
width thus capturing directional and dynamic radio channels [12–
14]. Some of the techniques employed in time domain approach
include the pseudo-random noise (PN) sequence based and the
chirp based sounders. PN sequence based sounders employ a PN
sequence known to both the Tx and Rx is transmitted and the
channel impulse response (CIR) is recovered at the receiver by cor-
relating the received signal with the transmitted signal [15]. This
approach is widely adopted in the literature due the robustness of PN
sequences to noise [16]. Another time-domain approach is the chirp
based channel sounders e.g. the frequency modulated continuous
wave (FMCW), where the chirp signal is recovered using matched
filtering or a correlation based approach [17, 18]. State-of-the-art
time-domain based channel sounders have the disadvantage that they
are often too costly with complex synchronization and calibration
mechanisms [19–21].

The frequency-domain approach to channel sounding has been
widely adopted in the literature where the channel frequency
response is recorded by performing a frequency sweep over a
selected frequency band. The CIR is then obtained from the chan-
nel frequency response by performing an inverse Fourier transform.
However, swept frequency techniques of channel sounding usually
suffer from slow measurement time which is undesirable in time
variant channels [22, 23]. In the literature, channel sounding in the
frequency-domain is mainly performed using the vector network
analyzer (VNA) which has less calibration and synchronization com-
plexity as well lower hardware cost. In static radio channels, the
VNA based channel sounders and virtual antenna arrays (VAA) are
often used to obtain the spatio-temporal characteristics of the chan-
nel [24, 25]. However, the direct cable connection of the Tx and
Rx to the VNA, significantly reduces the measurement distance and
the dynamic range due to signal loss in coaxial cables especially
at mm-wave frequencies. In addition, the measurement time when
using the VNA scales up/down depending on the bandwidth selected
for the frequency sweep, number of frequency points and the inter-
mediate frequency (IF) bandwidth settings. Nonetheless, the VNA
remains an attractive solution for channel measurements in indoor
static scenarios and the distance limitation can be mitigated by the
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use of frequency up-converters and down-converters or optical fiber
cables [26–29].

The importance of channel sounder validation cannot be over-
stated. The accuracy of the measured CIR is dependent on the
amplitude and phase stability of the channel sounder. Hardware
impairments could result in variation of the amplitude response of
the sounder thus causing spurious MPCs to be observed in the power
delay profile (PDP) [30]. On the other hand, phase errors could
undermine the accuracy of directional information obtained with the
channel sounder especially when phased antenna arrays or VAA are
employed in the measurement campaigns [31]. The non-idealities
of the channel sounder hardware should therefore be identified and
de-embedded from the measured CIR.

To enable inter-laboratory comparison of measurement data, sev-
eral metrics and procedures are proposed in the literature for channel
sounder validation. In [32], the dynamic range and the maximum
measurable path loss are proposed as possible metrics and the
extracted parameters compared with propagation theory. In [33, 34]
channel sounder validation artifacts are developed to provide a com-
mon framework for comparison and evaluation of different channel
sounders. In [35], two verification methods are proposed: in-situ and
controlled condition verification. VNA based channel sounders have
the advantage that the calibration procedures for the VNA is a well
matured field [36]. After the VNA is calibrated appropriately, then
only the additional components after the VNA test ports need to be
characterized.

VNA channel sounders based on radio-over-fiber (RoF) tech-
niques have the limitation that the phase of the signal propagating in
the optical fiber is susceptible to variation stemming from tempera-
ture and strain gradients on the cable [37]. In [29], a phase correction
bidirectional scheme for a RoF based VNA channel sounder using
optical circulators is proposed and validated in back-to-back mea-
surements, over the air channel measurements in an anechoic cham-
ber and realistic propagation scenarios. The bidirectional scheme
utilizing optical circulators is shown to achieve premium perfor-
mance in correction of the phase errors due to temperature and strain
gradients on the optical cable.

In this paper, three techniques of phase tracking for RoF based
VNA channel sounders introduced in [26] (the two-branch uni-
directional scheme, the two-branch bidirectional scheme and the
bidirectional scheme using optical circulators) are comprehensively
validated through back-to-back measurements for the frequency
range from 1 GHz to 50 GHz. The work in [26] is further extended,
and the major optical link parameters are investigated i.e. the opti-
mum input power, the impact of the link gain variation over a wide
bandwidth on the channel sounder’s impulse response and the link
budget for the three phase compensation schemes as well as the basic
configuration.

The rest of the paper is organized as follows. Section 2 outlines
the basic configuration of the optical link employed in the channel
sounder, Section 3 describes the two-branch unidirectional phase
correction scheme, Section 4 describes the two-branch bidirec-
tional phase correction scheme, Section 5 outlines the bidirectional
phase correction scheme using optical circulators and finally the
conclusions are presented in Section 6.

2 Basic Configuration

The VNA is conventionally used to measure the scattering param-
eters (S-parameters) of a device under test (DUT). The DUT
complex frequency response is then extracted from the measured
S-parameters. An ideal linear time invariant (LTI) DUT is character-
ized by a flat frequency response over the bandwidth of operation.
Radio channel measurements using the VNA consider static or
slowly varying channels, thus the radio channel can be considered as
a LTI DUT. The complex radio channel frequency response h21(f)
is embedded in the measured S21(f) set as:

S21(f) = ho1(f)h21(f) (1)

where ho1(f) is the frequency response of the optical link as illus-
trated in Fig. 1. The frequency response of the channel h21(f),
includes the effects of the Tx and Rx antenna i.e. the gain and the
antenna pattern and over-the-air propagation channel.

2.1 Measurement Setup

The block diagram of the optical link employed in the RoF VNA
based channel sounder is illustrated in Fig. 1 whereas the compo-
nents used in the measurement setup are outlined in Table 1. The
optical link is made of a laser and a photodetector with a frequency
range of 1 GHz to 50 GHz and a 300 m single mode optical fiber
cable. To characterize the link a two-port calibration procedure is

Fig. 1: Block diagram of the optical link employed in the RoF VNA
based channel sounder

Table 1 Channel sounder components

Part Name Frequency

VNA Keysight PNA N5227A 10 MHz -
67 GHz

RF amplifier Cernex CBM26402520 26.5 GHz -
40 GHz

RF attenuator Pasternack PE7090-20 DC -
40 GHz

Laser Linear Photonics QMOD XMTQ-C-A-24 1550 nm
Photo detector Linear Photonics QMOD XMRQ-C-A-24 1550 nm
Optical circulator OZ optics 1550 nm

FOC-12N-111-9/
125-SSS-1550-55-SCASCASCA-1-1

Optical power splitter JDS Uniphase 1550 nm
FFC-CKH12B105-003

carried out to de-embed the frequency characteristics of the VNA
test-port cables and to de-embed the VNA’s systematic errors.

2.2 Measurement Parameters

2.2.1 Input 1 dB Compression: The optical link shown in
Fig. 1 features integrated pre- and post-amplification stages in the
Tx and Rx modules. The output power from the VNA test-port must
thus be kept in the low distortion region to avoid driving the opti-
cal link into the 1 dB compression region. In the measurement setup
shown in Fig. 1, the VNA output power from port 1 is progressively
incremented from -80 dBm to 6 dBm in steps of 1 dBm. The VNA
frequency sweep is then carried out from 1 GHz to 50 GHz with the
number of frequency points set to 100001 and an IF bandwidth of
500 Hz. The laser is observed to go into compression for RF input
power above -10 dBm as shown in Fig. 2. Subsequently VNA output
power is set to -12 dBm.

2.2.2 Amplitude Response: Calibration of the amplitude
response to compensate for the variation of the gain in the optical
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Fig. 2: Input 1 dB compression point of the optical link at selected
frequencies

link is pivotal to achieve premium performance. The variation of the
gain of the channel sounder in the operation band could result in
spurious peaks being observed in the PDP of the measured channel.
Due to hardware imperfections, the gain of the optical link varies
significantly in the entire frequency range from 1 GHz to 50 GHz as
illustrated in Fig. 3. The impulse response of the optical link before
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Fig. 3: Optical link gain at an input power of -12 dBm

normalization from 1 GHz to 50 GHz is shown in Fig. 4. The vari-
ation of the gain is seen to cause spurious peaks in the impulse
response for the frequency range from 1 GHz to 50 GHz shown in
Fig. 4a and the frequency range from 39 GHz to 40 GHz illustrated in
Fig. 4b. The link gain is relatively flat from 14 GHz to 15 GHz com-
pared to that of 39 GHz to 40 GHz which results in a spurious free
impulse response as demonstrated in Fig. 4c. To prevent the optical
link gain from being embedded in the measured channel response
h21(f), a normalization procedure is carried out in back-to-back
setup before measurements are conducted.

2.2.3 Phase Stability: The phase stability of the optical link is
crucial when the channel sounder is used in measurement campaigns
with VAA where movement of the optical cable is inevitable. The
bending of the optical cable during measurement could be a potential
source of phase errors. To verify the effect of cable bending during
measurements on the phase, the setup shown in Fig. 1 is adopted. The
optical cable bend diameter is varied from 60 cm to 20 cm as demon-
strated in Fig. 5. The phase variation due to bending of the optical
cable is shown in Fig. 6. The measurements are normalized with
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Fig. 4: Impulse response of the optical link before normalization
at selected frequency bands illustrating the effect of amplitude vari-
ation. (a) 1 GHz to 50 GHz, (b) 39 GHz to 40 GHz, (c) 14 GHz to
15 GHz

respect to the 60 cm bend diameter. At 50 GHz, the phase is seen to
vary by approximately 175 degrees. Bending the optical cable essen-
tially results in changing its effective length. The change in effective
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Fig. 5: Optical cable bending measurement setup

length ∆l can be calculated as:

∆l =
θ

360
· λ (2)

where θ is the change in phase in degrees and λ is the wavelength
in meters. The change in the effective length of the optical cable is
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Fig. 6: Unwrapped phase with different cable bending diameters.
All measurements are normalized to the 60 cm bend radius diameter

thus dependent on the bending which is rather stochastic in practical
measurement scenarios. The system configuration shown in Fig. 1 is
thus predominantly adopted in the literature to record power angular
delay information using directive antennas [38]. However, to employ
VAA in channel measurements, accuracy of phase information is
critical.

2.3 Link Budget

Signal loss in the channel sounder components especially at mm-
wave frequencies can lead to a significant reduction in the dynamic

range. This effectively reduces the ability of the channel sounder
to resolve weak MPCs as well as reducing the measurement range.
A link budget analysis of the back-to-back connection at 30 GHz
is carried out and shown in Fig. 7. The system has two limits. The

Fig. 7: Link budget of the optical link at 30 GHz

lower limit is the VNA’s noise floor and is dependent on the fre-
quency, where higher frequencies have a higher noise floor compared
to lower frequencies. On the other hand, the upper limit is the input
compression point of the VNA’s receivers at the test ports. The VNA
output power is fixed at -12 dBm as outlined in Section 2.2.1. At
the end of the Tx chain the output power is approximately -19 dBm
due to the signal loss in the coaxial cables and the optical link. In
the Rx chain, the Keysight PNA N5227A has the option of direct
access to the receiver ports, thus by-passing the directional coupler
in the VNA’s test-port (port 2 in Fig. 1). The directional coupler
results in a 10 dB signal loss, thus in this setup we use the direct port
access signal path to gain 10 dB in our link budget. The back-to-back
connection including the Rx chain has a dynamic range of 84 dB.

3 Two-Branch Unidirectional Scheme

Phase coherent measurement using VNA-based channel sounders,
are made on the premise that sounder’s phase characteristics remain
stable after calibration for the entire duration of the measurement.
However, when using the optical link shown in Fig. 1, this cannot be
guaranteed due to stochastic phase changes in the optical cable due
to strain and temperature gradient. This limits the channel sounder to
power measurements. A phase tracking mechanism is thus necessary
for phase coherent channel measurements. The two-branch unidirec-
tional scheme attains phase tracking by the use of two optical links
and recording an extra set of S-parameters S41(f). The stochastic
phase change on the optical cable can then be modeled by including
an extra term ∆h1(f) in (1).

S21(f) = ∆h1(f)ho1(f)h21(f) (3)

similarly, for the second link used for tracking the phase is recorded
on the VNA as:

S41(f) = ∆h2(f)ho2(f) (4)

where ∆h2(f) and ho2(f) are the frequency response stemming
from stochastic phase change and the frequency response of the
second optical link, respectively. ho1(f) and ho2(f) can be cali-
brated out in a back-to-back measurement through a normalization
procedure on the VNA, hence resulting in ho1(f) = ho2(f) = 1.
Therefore, after an appropriate normalization procedure, (4) only
contains the frequency response due to temperature and strain gradi-
ents on the optical cable, ∆h2(f). For ideal optical cables of equal
length and subject to the same temperature and strain gradient then
the components ∆h1(f) and ∆h2(f) can be assumed to be equal,
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therefore, the unwrapped phase of the channel frequency response
∠h21(f) can be obtained as:

∠h21(f) =
∠S21(f)

∠S41(f)
(5)

3.1 Measurement Setup

The measurement setup for the two-branch unidirectional scheme
is illustrated in Fig. 8. The system block diagram consists of an
optical power splitter cascaded after the electrical to optical con-
version stage. The 1-to-2 optical power splitter divides the signal
into two before transmission on the optical fiber cable. The first link
(forward link) is then connected to a Tx antenna while the second
link (feedback link) which is used for phase tracking is maintained
in a back-to-back connection in practical channel measurements as
shown in Fig. 8.

Fig. 8: Block diagram of the proposed two-branch unidirectional
scheme

3.2 Phase Response

The phase response of the two-branch unidirectional scheme shown
in Fig. 8 is experimentally validated using the measurement setup
demonstrated in Fig. 5. The optical cable bend diameter is varied
from 90 cm to 50 cm to record the effect of the cable bending on
the phase of the signal. The measurements are then normalized with
respect to the 90 cm bend diameter.

The phase variation of the signal on the first (forward link) and
second (feedback link) optical cables are illustrated in Fig. 9a and
Fig. 9b, respectively. The phase variation in the first optical cable
is shown to vary by as much as 60◦ at 50 GHz due to the change
in bend diameter. Similarly, for the second optical cable, the phase
variation can be seen to vary by as much as 50◦ at 50 GHz. A
phase variation difference of 10◦ can be observed at 50 GHz. This
could be due to subtle differences in the strain gradient on the two
cables which translates to different effective length change for the
two cables. Although the two optical cables are housed by a com-
mon outer jacket, it is very difficult in practice to ensure that they
experience exactly the same conditions thus ∆h1(f) might not be
exactly equal to ∆h2(f). The phase correction of the two-branch
unidirectional scheme is then carried out using (5). The corrected
phase is illustrated in Fig. 9c. The difference in the effective length
is then shown to result in residual errors with the maximum of 15◦ at
50 GHz. Although the phase correction is effective, the residual error
observed in Fig. 9c might have an effect on the achieved accuracy of
VAA algorithms.
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Fig. 9: Phase response of the two-branch unidirectional scheme due
to cable bend diameter variation. (a) Forward link, (b) feedback link
and (c) corrected phase

3.3 Link Budget

The link budget for the two-branch unidirectional scheme is illus-
trated in Fig. 10. The use of the optical power splitter results in an
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RF signal power penalty of 6 dB. An RF power of -25 dBm is avail-
able after the optical to electrical conversion stage on both optical
links. For the first optical link, where the Tx antenna is connected
as illustrated in Fig. 8, an RF amplifier of with a gain of 40 dB and
a noise figure of 6.2 dB is added before the antenna. In the back-
to-back setup an RF attenuator of 10 dB is included to prevent the
signal from the amplifier from driving the VNA receiver port into
the compression region. Since the optical link has inbuilt pre and
post-amplification stages with a noise figure of 18 dB at 30 GHz,
the cascade of the pre- and post-amplification stages and the RF
amplifier results in a noise figure of 18.3 dB at 30 GHz.

Fig. 10: Link budget of the two-branch unidirectional scheme at
30 GHz

4 Two-Branch Bidirectional Scheme

The system configuration shown in Fig. 8 employing (5) has the
shortfall that it cannot be used in practical long-range channel sound-
ing scenarios. This is because the second optical cable for the phase
tracking signal is constantly connected to port 4 of the VNA during
measurements. Since the two optical cable have to experience the
same conditions, the physical separation of the Tx and Rx antenna
is limited by the length of the coaxial cable from port 4 of the VNA
to the output of the photo detector. Despite having a high back to
back dynamic range of 107 dB as shown in Fig. 10, the two-branch
unidirectional scheme is limited to measurements in short-range
scenarios. The two-branch bidirectional scheme aims to extend the
measurement range of the two-branch unidirectional scheme. This is
attained by simply shifting the position of the optical power splitter
to the end of the first optical cable and before the optical to electrical
conversion stage as illustrated in Fig. 11. The phase tracking signal
is then re-routed through a second optical cable to the VNA. After a
back-to-back normalization procedure, then the phase of the track-
ing signal will have propagated twice the distance of the forward
link. This assumption holds if and only if the two cables experience
the same conditions. The phase correction in (5) is then modified as:

∠h21(f) =
∠S21(f)

0.5 · ∠S41(f)
(6)

4.1 Measurement Setup

To characterize the phase response of the proposed scheme shown
in Fig. 11, the optical cable bend diameter is varied from 90 cm to
50 cm to record the effect of the cable bending on the phase of the
signal as demonstrated in Fig. 5. The phase error effects stemming
from cable bending are then de-embedded using (6).

Fig. 11: Block diagram of the proposed two-branch bidirectional
scheme

4.2 Phase Response

The unwrapped phase of the two-branch bidirectional scheme is
shown in Fig. 12. The phase of the forward link is observed to vary
by as much as 70◦ at 50 GHz as the cable bend diameter is var-
ied from 90 cm to 50 cm as illustrated in Fig. 12a. For the feedback
link, the phase is seen to vary by approximately twice as much as
the phase in the forward link as shown in Fig. 12b. The phase cor-
rection is then carried out using (6). The phase error is corrected
and maintained below 12◦ at 50 GHz as illustrated in Fig. 12c. The
residual error is possibly due to the fact that in practical scenarios,
there is a very low probability of the two optical cables experiencing
exactly the same conditions i.e. the strain gradient. Thus the change
in effective length is not equal at different bending diameters hence
∆h1(f) 6= ∆h2(f) resulting in the differences observed in Fig. 12c.

4.3 Link Budget

The two-branch bidirectional scheme has the same link budget as
the two-branch unidirectional scheme which is illustrated in Fig. 10.
This is because the difference in the two configurations is the shift
in the position of the optical power splitter.

5 Bidirectional Scheme

The residual error shown in Fig. 12c can be minimized by ensur-
ing that ∆h1(f) = ∆h2(f). A possible solution of ensuring that
∆h1(f) = ∆h2(f) lies in utilizing the same optical cable for the
forward and feedback links which mitigates the residual errors
observed in Fig. 12c. Bidirectional transmission on the same opti-
cal fiber cable can be achieved by adopting optical circulators.
The attractive features of optical circulators are low insertion loss,
non-reciprocity and high isolation levels thus ensuring minimal
interference of the forward and feedback link.

5.1 Measurement Setup

The system configuration is then modified as demonstrated in
Fig. 13. The two 3-port non-polarization maintaining optical circu-
lators have an isolation level of more than 40 dB and low insertion
loss of 1 dB. Polarization-independent optical circulators are adopted
in this case since the bending of the cable during the channel mea-
surements inevitably results in a change of the light propagating in
the optical cable. After the electrical to optical conversion stage, the
optical signal propagates via port T of the optical circulator and goes
into the optical cable from port 1 of the circulator. The optical cable
is then cascaded with a second optical circulator where the signal
goes in via port 1 and goes out via port R to the optical power split-
ter and finally to the photo detector. On the other hand, the feedback
link goes from the optical power splitter into port T of the circulator
and back into the optical cable via port 1. Finally, the feedback signal
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Fig. 12: Phase response of the two-branch bidirectional scheme due
to cable bend diameter variation.(a) Forward link, (b) feedback link
and (c) corrected phase

enters port 1 of the first circulator and goes into the photo-detector
via from port R obtaining bidirectional link on a single optical cable.

The phase characterization of the bidirectional scheme is verified
by mounting the optical cable on a turn-table used for practical VAA

Fig. 13: Block diagram of the bidirectional scheme adopting optical
circulators

measurements. The turn-table is rotated one full circle with a radius
of 50 cm to mimic a virtual uniform circular array. The rotation is
carried out using a resolution of 0.5◦ thus obtaining 720 spatial
points.

5.2 Phase Response

The change of the phase due to the cable bending for the forward link
is observed to be approximately 80◦ as shown in Fig. 14. In the feed-
back link the phase change is twice the phase change of forward link
for each step as shown in Fig. 15. This is intuitively so because the
transmission is on the same optical cable. The change in the phase is
then corrected using (6) as illustrated in Fig. 16. The corrected phase
has a residual error of 2◦ at 30 GHz and at 50 GHz the residual error
is shown to be 14◦. The residual error of 14◦ at 50 GHz is most likely
due to the high noise figure at higher frequencies. In a high signal to
noise ratio (SNR) regime, it is expected that the residual error can be
maintained below 4◦. The bidirectional scheme thus demonstrates
superior performance over the two-branch unidirectional and two-
branch bidirectional schemes over the entire frequency range from
1 GHz to 50 GHz.
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Fig. 14: Unwrapped phase response of the forward link at selected
spatial points on the VAA
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Fig. 15: Unwrapped phase response of the feedback link at selected
spatial points on the VAA
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Fig. 16: Corrected phase response of the bidirectional scheme

5.3 Link Budget

The link budget of the bidirectional scheme is illustrated in 17. A
back-to-back dynamic range of 112 dB is obtained at 30 GHz which
enables long range channel measurements.

Fig. 17: Link budget of the bidirectional scheme at 30 GHz

6 Conclusion

In this paper, the system development and validation of an RoF
VNA-based channel sounder is comprehensively presented. The
power of the RF signal modulating the optical carrier is first deter-
mined to ensure the optical link operates in the low distortion region.
The phase stability of the link is then evaluated for four configura-
tions: the basic configuration, the two-branch unidirectional scheme,
the two-branch bidirectional scheme and the bidirectional scheme
employing optical circulators. The basic configuration shows a
phase variation of about 175◦ which limits the VNA-based channel
sounders using the optical link shown in Fig. 1 to power measure-
ments. The two-branch unidirectional scheme achieved an improved
phase accuracy over the basic configuration where the corrected
phase has a residual error of 7◦ and 15◦ at 30 GHz and 50 GHz,
respectively. Nonetheless, the two-branch scheme is limited to short
range measurement scenarios. The two-branch bidirectional scheme
achieves good phase correction with a residual error of approx-
imately 4◦ and 10◦ at 30 GHz and 50 GHz, respectively while
enabling long range measurements in contrast to the two-branch uni-
directional scheme. The bidirectional scheme is shown to have a
superior phase correction performance over the two-branch unidirec-
tional and two-branch bidirectional schemes with a residual error of
2◦ and approximately 14◦ at 30 GHz and 50 GHz, respectively. This
is due to the transmission on the same optical cable hence the phase
change resulting from a change in effective length of the optical
cable can be effectively compensated. The residual error at 50 GHz
is most likely caused by the high noise figure and in a high SNR
regime, it is expected that the residual error would be below 4◦.
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