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Evaluation of TDD timing detection error using UL and DL received signals
in the relay device
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Abstract A slot timing detection method as realized by a detector and
a comparator in a TDD-operated RF relay device causes timing detection
errors due to received signal power fluctuations caused by fading. Here,
we clarify the timing detection errors by simulating such a timing detection
method using the DL received signal and the UL received signal in a relay
device for various fading characteristics. When the CDL-A model is used
and the moving speed is 5 km/h, the timing detection error using the DL
received signal exceeds 16.7 µsec, which is the OFDM symbol length, and
the BER of the UE degrades significantly, while the error is within 1 µsec
using the UL signal.
Keywords: virtualized terminal, terahertz, relay device, timing detection
Classification: Wireless communication technologies

1. Introduction

Virtualized terminals using frequency-converting radio fre-
quency (RF) relay devices have been proposed as a new ter-
minal configuration to achieve over 100 Gbps uplink (UL)
speeds required for Beyond 5G (B5G) mobile communica-
tion [1]. The virtualized terminal consists of user equip-
ment (UE) and relay devices for external mounting antennas
(Fig. 1). Relay devices are attached to or built into a wrist-
watch, eyeglasses, or other devices on the user’s person.
Since the distance between the UE and the relay device is
short, terahertz (THz) band radio waves are used. After
frequency conversion between the THz band and millimeter
wave (mmWave) band and signal amplification at the relay
device, the downlink (DL) signal is sent to the UE and the
UL signal to the base station (BS) (Fig. 2). In B5G, when
time division duplex (TDD) is considered as a duplexing
method, the RF relay device should be able to detect UL and
DL timing and switch the relay circuit according to the power
fluctuations of the received signal to achieve compact size
and low power consumption. We present a timing detection
circuit configuration consisting of detectors and compara-
tors and a new timing detection method for RF relay devices
that uses both the received DL signal and the received UL
signal. Through simulation, we show the lower bounds of
the received C/N and received power for timing detection in
a static environment [2]. We also showed the timing detec-
tion errors in fading channels when using the DL received

1 Radio and Spectrum Laboratory, KDDI Research, Inc.,
Fujimino-shi, Saitama 356-8502, Japan

a) yo-kunisawa@kddi.com

DOI: 10.23919/comex.2023COL0005
Received June 27, 2023
Accepted August 1, 2023
Publicized November 21, 2023
Copyedited December 1, 2023

Fig. 1 Wireless system configuration using the virtualized terminal.

Fig. 2 Frequency conversion by relay devices.

signal [3]. When the DL signal was used for slot timing de-
tection, we found that the timing error exceeded the OFDM
symbol period in the CDL-A environment. Thus, we clari-
fied timing detection errors when UL signals were used for
slot timing detection.

2. RF frontend configuration and TDD timing detec-
tion circuit of the relay device

Figure 3 depicts the block diagram of the RF front-end part
and the TDD controller of the relay devices. One of
the radio waves transmitted in the THz band from the UE is
received by the multibeam antenna of a relay device and sent
to the UL relay circuit from the THz band TDD switch (SW).
We assume that the beams of the transmitting and receiving
antennas are exactly opposite each other due to the beam
control function, such as in [4]. The UL THz band signal
is frequency-converted to the mmWave band and amplified
by the UL relay circuit. The mmWave band signal is sent to
the mmWave band antenna through the mmWave band TDD
SW. Conversely, radio waves transmitted in the mmWave
band from the BS are converted to the THz band through
two TDD SWs and a DL relay circuit and are transmitted
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Fig. 3 Block diagram of RF front-end and frame timing detection circuit
of relay device.

Fig. 4 Timing relationship of RF signal, detector output, comparator
output and TDD SW switching signal.

to the UE in the THz band. These two TDD SWs must
switch the UL and DL relay circuits precisely when the UL
and DL signals change in the TDD frame structure used
between the BS and the UE. The signals to switch the
TDD SWs are generated in the TDD controller by detecting
fluctuations in the received signal power. The frame timing
detection circuits for UL and DL in the TDD controller
amplify and detect the RF signals split by the coupler in
the relay circuits and then use comparators to determine
whether or not a signal is present and detect UL slots and
DL slots. Figure 4 depicts the timing relationship of the
detector output, comparator output, and TDD SW switching
signal to the received RF signal. Let VHdet#N and V Ldet#N
be the average values of the detector output voltage during
the signaled and unsignaled periods in the #Nth subframe,
respectively. Then, the comparator threshold Vth#N+1 in the
#N+1st subframe is determined by

Vth#N+1 =
VHdet#N + V Ldet#N

2
[V] . (1)

Since the detector is composed of a circuit including a diode
and a capacitor, delays occur between the input and output
and the comparator output rises with a delay equal to the
delay in the detector (where this delay is compared to the
timing when the RF signal is input to the TDD SWs) [5].
Therefore, the TDD SWs must be switched earlier according

to a time delay Tdelay considering the timing after the
subframe period from the rising edge of the comparator
output. Here, Tdelay is the time delay that occurs in a static
environment. Let Tcomp#N be the rising timing of the
comparator output signal in subframe #N and Psub f rame
be the subframe period; then, the timing TswLH#N+1 for
switching the TDD SWs in subframe #N + 1 is determined
by

TswLH#N+1 = Tcomp#N + Psub f ame − Tdelay. (2)

As mentioned, the detector is composed of a diode and
a capacitor, so the higher the received power, the faster
the capacitor is charged and the faster the detector output
voltage rises. Therefore, the detection timing of the rising
edge of the signal by the comparator varies depending on
the received power, and fluctuations in the received signal
power cause variations in the detection timing or timing
detection errors. When a timing detection error occurs, an
error also occurs in the switching timing of the TDD SWs, as
determined by Eq. (2). As a result, the TDD SW switching
timing deviates from the switching timing of the UL and
DL signals, leading to the absence of the relay signal. The
following section clarifies the timing detection errors and
the impact on the bit error rate (BER) in some environments
with power fluctuations.

3. Evaluation of timing detection error with fading
channels

3.1 System model and TDD configuration
The as-simulated system model is shown in Fig. 5, with the
parameters and assumptions of the transceivers for the UE,
relay device, and BS listed in Table I. The THz and mmWave
frequencies were set to 275 GHz and 39 GHz, respectively.
The 5G NR-compliant OFDM signal with subcarrier spacing
(SCS) of 60 kHz was used for the DL transmitting the signal
from the BS. Nonline-of-sight (NLOS) and line-of-sight
(LOS) were assumed for the millimeter band propagation
path characteristics, and the CDL-A and CDL-D channel
models specified in [6] were used in the evaluation. In the
simulated terminal, since the transmission between the UE
and the relay device is over a short distance, the THz band
channel characteristics were set statically, assuming an LOS
environment. Figure 6 shows the TDD configuration used
in this simulation. The frame format with a slot time of
0.25 msec and consists of 3 DL slots, 1 special slot, and
1 UL slot was used. All symbols in the special slot were set
to guard symbols [7]. The TDD configuration in Fig. 6 is
the same as in Japan, except that the SCS is 60 kHz [8].

3.2 Timing detection error using DL received signal
and impact on UE BER

Figure 7 shows the timing detection error for the method
using the DL received signal at moving speeds of 0 km/h,
3 km/h, and 5 km/h with respect to the horizontal axis of the
DL received power of the relay device. The timing detec-
tion error value is expressed as the root mean square error
(RMSE) of the time difference between the correct timing
and the timing detected by the DL timing detection circuit.
The correct timing here is the 1.25 msec cycle timing de-
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Fig. 5 System model.

Table I Parameters and assumptions of transceivers

Fig. 6 TDD configuration.

tected by the timing detection circuit for a static channel
with no received power fluctuation. In the NLOS environ-
ment, the CDL-A model produced large timing detection
errors exceeding the OFDM symbol length of 16.7 µsec at
SCS=60 kHz when the moving speed was 5 km/h. On the
other hand, the timing detection error in the LOS environ-
ment, using the CDL-D model, was less than 1.2 µsec, which
is the cyclic prefix (CP) length of an OFDM symbol.

When using a TDD configuration without a guard period
included in the switching time between the UL and DL slots,
as shown in Fig. 6, timing detection error causes a part of
the relay signal to be missing at the end of the UL slot or
the beginning of the DL slot, resulting in a reception error at
the receiving UE or BS. Therefore, we evaluated the BER
of the UE when using the CDL-A model, which showed a
large timing detection error (Fig. 8). The solid lines in Fig. 8
depict the BER of the UE at three different THz propagation
distances. The dashed line in Fig. 8 represents the BER
when the relay device continuously relays DL signals, and
all DL signals are relayed without missing. In the case of the

Fig. 7 Timing detection error with DL received signal.

Fig. 8 UE BER when CDL-A model is used for mmWave propagation
path.
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Fig. 9 Timing detection error with UL received signal.

5 km/h moving speed, where a particularly large timing de-
tection error occurred at the relay device, the BER degraded
significantly compared to the case where signals are relayed
continuously, indicating that the BER is affected by missing
DL signals.

3.3 Timing detection error using the UL received signal
and consideration

Figure 9 depicts the timing detection error when the relay
device detects timing from the UL signal sent from the UE.
Under this condition, the TDD SWs of the relay device
switch based on the timing detected using the DL signal,
and the UE transmits the UL signal at the UL slot timing in
the TDD configuration detected by demodulating the relayed
DL signal. The timing detection error is expressed as the
RMSE of the time difference between the correct timing and
that detected by the UL timing detection circuit. Here, the
exact detection timing corresponds to the 1.25 msec cycle
when the UL slot starts in the TDD configuration (Fig. 6).
As shown in Fig. 9, the timing detection error due to the
UL signal is small, i.e., less than 1 µsec in both the CDL-A
and CDL-D cases. This result indicates that the slot timing
detected by the UE demodulating the signal transmitted from
the BS and relayed through the relay device is more accurate
than the timing detected at the relay device by the DL signal
using analog circuits such as detectors and comparators.
Fading between the BS and the relay device causes large
DL timing detection errors at the relay device because of
the fluctuations in the received signal power. Moreover, the
timing detection error by the demodulation function of the
UE is limited to the time delay range caused by multipath,
which is considered smaller than the detection error by the
timing detection circuit of the analog configuration. Since
the UE demodulates the relayed signal and transmits the UL

signal with low timing error, if the relay device can use the
received UL signal to perform timing detection and switch
the TDD SWs, then it is expected that the device can switch
the relay circuit more accurately than when timing detection
is performed using only the DL signal.

4. Conclusion

Here, we described a timing detection method at a relay
device in a virtualized terminal, which is a new terminal
configuration to realize high-speed uplink communication
of over 100 Gbps required for B5G mobile communication
as proposed in [1]. Timing detection errors were evaluated
by simulating an environment with received power fluctua-
tions. The results showed that large timing detection errors
occur in fading environments such as CDL-A, where large
received power fluctuations occur. BER characteristics at
the UE degrade due to missing relay signals. We found that
the timing detection error was smaller when using the UL
received signal than when using the DL received signal. A
specific TDD SW switching algorithm using the detected
timings from both DL and UL signals is a subject for our
future study.
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