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Abstract

This paper proposes a low-complexity joint parallel timing recovery loop, which is well-
suited for large-bandwidth terahertz (THz) communication systems. Specifically, the loop
is jointly composed of a modified matched filter (MMF) and a timing error detector (TED),
where sampling point offset correction is achieved by deleting, holding, or retaining data in
parallel data caches (DCs), and timing phase error compensation is implemented by sliding
the coefficients of the MMF. The feasibility of the proposed loop is verified using both
Gardner and O&M TED. Numerical simulation results demonstrate that the loop operates
efficiently, with a performance loss of less than 0.1 dB compared to the theoretical bit error
rate (BER) curve. Furthermore, the loop is implemented on a THz field-programmable gate
array (FPGA) platform, successfully realizing parallel demodulation of 15 Gbps 64QAM
high-speed signals at 220 GHz. Notably, the proposed loop effectively reduces hardware
resource consumption under a parallel architecture, providing a viable solution to address
the current shortage of on-board resources in high-speed THz communication systems.

Keywords: terahertz communication; timing recovery loop; timing error detector;
FPGA implementation

1. Introduction
With the rapid development in communication technology, people put forward higher

requirements for information transmission rate. However, the current communication
systems cannot meet the increasing demand for high-speed data transmission. Terahertz
communication has the advantages of abundant spectral resources, large capacity, high
energy efficiency, and large transmission bandwidth. Using the terahertz frequency band
for high-speed communication can efficiently alleviate the situation of increasingly strained
spectrum resources and break through the capacity limitation of the current wireless
communication systems, which is an important technical path for the future development
in wireless communication. So we take terahertz communication as the background to
expand this paper.

There have been numerous studies focusing on high-speed wireless communication
systems in the terahertz band, with breakthroughs spanning transmission performance [1–6].
Meanwhile, the modem will directly determine the performance of the communication
systems. At present, the modulation mode of high-speed data transmission system is
mostly MPSK, which is relatively simple and mature. With the increase of transmission rate
and shortage of spectrum resources, the problem of low transmission efficiency caused by
low-order modulation has become increasingly severe, failing to meet practical demands.
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Therefore, higher-order modulation methods (MQAM, MAPSK, etc.) begin to be used in
high-speed modems [7,8]. However, high-order modulation remains a major challenge in
terahertz (THz) communication systems. Its implementation involves higher complexity
and reduces the Euclidean distance between adjacent constellation points, rendering the
system extremely susceptible to timing errors. Even a tiny deviation from the optimal
sampling point can induce intersymbol interference (ISI). Moreover, the stronger phase
fluctuations and path loss inherent in the THz band further amplify this effect, thereby
imposing much more stringent requirements on the synchronization performance of the
communication systems.

In the actual communication systems, transceiver transmission delays prevent re-
ceivers from sampling at each symbol’s optimal point, introducing timing errors that
degrade demodulation performance, especially for high-order modulated terahertz sys-
tems. Therefore, timing recovery plays a crucial role in the overall performance of the
receiver. Some mainstream timing error detection algorithms have been proposed in [9–12].
In 1978, Mueller and Muller (M&M) first proposed a timing error detection algorithm
that each symbol only needs one sampling point, but it is decision-directed and affected
by frequency offset [9]. In 1980, L.E. Franks proposed a timing error detection algorithm
based on the maximum-likelihood estimation theory [10]. In order to solve the problem of
carrier frequency offset influence and high complexity, F. M. Gardner proposed a timing
error detection algorithm in 1986, which only needs two sampling points for each symbol,
and was widely used in all-digital communication systems [11]. In 1993, F. M. Gardner
extended his algorithm [13], and proposed a feedback architecture of all-digital timing
recovery loop based on Farrow interpolation algorithm [14]. In 1988, M. Oerder and H.
Meyr proposed a timing error detection algorithm with better performance for higher-
order modulation, and the timing error estimate is unbiased [12]. Both feedforward [15]
and feedback architectures are used in timing recovery loop. Feedforward enables fast
acquisition but has low synchronization accuracy, suiting burst communications; feedback
requires longer capture/convergence time but delivers high accuracy, needing only error
magnitude/direction guidance for adjustment and thus being widely adopted in long-term
continuous systems [16–21]. With the rapid development in high-speed wireless commu-
nication, Traditional serial timing recovery schemes are constrained by logic device clock
frequencies in high-speed wireless systems, driving demand for parallel timing synchro-
nization. Numerous timing recovery architectures applicable to various usage scenarios
have been proposed [5,6,15,22–26]. Parallel Gardner-based via interpolation filters were
proposed in [22,23,25–27], while C. Lin designed a frequency-domain parallel architecture
based on O&M TED with a dual-feedback loop, which is firstly reported in Alternate
Parallel Receiver (APRX) [24,28,29].

Amid the rapid development in reconfigurable hardware platforms and the increasing
trend toward full digitization of receiver algorithms, hardware resource constraints remain
a critical challenge for FPGA implementations in large-bandwidth terahertz communication
systems. Numerous efforts have been devoted to reducing FPGA resource consumption of
various receiver modules, timing recovery still stands out as a resource bottleneck [5,30–32].
In this paper, we propose a low-complexity joint parallel timing recovery loop based on a
feedback time-domain architecture, which innovatively integrates timing error compensa-
tion with MMF and TED to jointly accomplish efficient timing recovery. In the proposed
design, sampling point offset correction is realized by deleting, holding, or retaining data in
parallel DCs, while timing phase error compensation is achieved by sliding/adjusting the
MMF coefficients directly in the time domain, eliminating the need for resource-intensive
FFT/IFFT operations and significantly reducing hardware resource consumption. And we
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use high-order modulation to improve spectral efficiency and use parallel polyphase filter
technique to save resources.

The rest of this paper is organized as follows: in Section 2, the N parallel time-domain
timing recovery system architecture is given. Section 3 gives the specific working details
of the timing recovery module. In Section 4, the methods of timing sampling point offset
correction and timing phase error compensation in time domain are proposed. Then the
simulation and implementation results are given in Section 5. Finally, we draw conclusions
in Section 6.

2. Parallel Timing Recovery System Model
The joint N parallel paths timing recovery loop architecture is shown in Figure 1; all

modules within the feedback loop contribute to the timing recovery process. The loop is
mainly composed of four modules: data caches (DCs) module, modified matched filter
(MMF) module, timing error detector (TED) module and controller module. Different
from the traditional timing recovery loop, the loop proposed in this paper combines
matched filter and timing error detector to jointly complete the timing recovery by shifting
the matched filter coefficients to compensate the timing errors. This loop adopts high-
order modulation to improve frequency band utilization and can be used in high-speed
communication systems.
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Figure 1. The N parallel time-domain feedback timing recovery loop architecture.

Firstly, a time-continuous intermediate frequency (IF) signal r(t) is received. The re-
ceived signal can be written as

r(t) = Re[u(t)] cos(2π fct) + Im[u(t)] sin(2π fct)

= I(t) cos(2π fct) + Q(t) sin(2π fct),
(1)

where fc is the carrier frequency of the IF signal, I(t) and Q(t) represent the in-phase and
quadrature-phase of the sent symbol respectively. And

u(t) =
∞

∑
n=−∞

sngT(t− nT − τ), (2)

where u(t) is the baseband equivalent complex envelope of the received modulated signal
after down-conversion from the carrier frequency, gT(t) is the transmission signal pulse,
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T is symbol duration, sn are information symbols, and τ is an unknown, slowly varying
timing delay that mainly caused by transmission delay and different sources of transceivers
clocks. For simplicity, the effects of noise are not taken into account. In M-QAM modulation,
sn = an + jbn with an, bn ∈ {±1,±3, . . . ,±

√
M− 1}.

The received signal is input to the matched filter and gets the outputs

y(t) = r(t) ∗ gR(t), (3)

where ∗ represents the convolution operation and gR(t) is a receiving filter (impulse response).
The timing error in the system is essentially caused by the mismatch between the

transceiver sampling instants, which can be characterized by a time delay τ. The core goal
of timing recovery is to compensate for this time delay to ensure optimal symbol sampling.
To compensate for the timing delay τ, we need to obtain the filter output at the delayed
instant (t + τ), i.e., y(t + τ). Based on the basic property of convolution, it can be expressed
as follows

y(t + τ) = r(t) ∗ gR(t) ∗ ∆(t + τ)

= r(t + τ) ∗ gR(t)

= r(t) ∗ gR(t + τ),

(4)

where ∆(t) is the impulse function. From the analysis of (4), timing recovery can be ex-
pressed in two equivalent forms, which directly correspond to two timing error compensa-
tion methods. One realized by r(t + τ) ∗ gR(t), which requires shifting the input signal r(t)
to align with the original matched filter gR(t). And another realized by r(t) ∗ gR(t + τ),
which requires shifting the impulse response of the matched filter to gR(t + τ). In practical
digital communication systems, the received signal r(t) is sampled by the ADC, and it is
difficult to flexibly implement time-domain sliding of the sampled signal. Therefore, we
select the second method (sliding the matched filter) to compensate for the time delay τ.
As illustrated in Figure 2, the time-domain shift of gR(t) to gR(t + τ) does not alter the
shape of the matched filter, only its time-domain position to adjusts the filter’s effective
time delay to realize precise timing error compensation.

SRRC Impulse Response
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SRRC Response

SRRC Response With Delay

0

Figure 2. The impulse response of the SRRC filter (blue solid line). The filter has a delayed τ impulse
response (green dashed line).

In practical communication systems, the accumulation of timing delay τ will cause
optimal symbol slip at the receiver, resulting in the loss or repetition of symbols. Thus,
the timing error compensation function of the recovery loop is divided into two core
components: timing sampling point offset correction and timing phase error compensation.

The received signal r(t) firstly sampled by Analog to Digital Converter (ADC) at rate
fs = 1/Ts, where Ts is the sampling period. And Sp represents the up-sampling ratio of
the system. In line with Nyquist theorem, to ensure the sampled signal has no aliasing,
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choosing a suitable Sp is very important. In this paper, to intuitively illustrate the I/Q
separation principle and sequence mapping rule, we adopt a specific example assumption
of Sp = 4, fs = 4 fc. It should be emphasized that proposed scheme is compatible with
any rational ratio of fc/ fs that satisfies the Nyquist sampling criterion. Thus, the received
signal can be expressed in the in-phase and quadrature-phase (I/Q) form.

r(mTs) = I(mTs) cos
(

2π
fc

fs
m
)
+ Q(mTs) sin

(
2π

fc

fs
m
)

= I(mTs) cos(
π

2
m) + Q(mTs) sin(

π

2
m).

(5)

Under this assumption, the received digital sequence can be expressed as

r = [I(0), Q(1),−I(2),−Q(3), I(4), Q(5) . . .]. (6)

The received signal sequence is parallelized into N parallel paths and written into N
parallel data caches, and timing sampling point offset correction is achieved by controlling
read operation of the data caches. For the convenience of operation, N is usually taken as
an integer multiple of Sp when designing the system. Reading the data r(c) from the data
caches module at c-th clock, where r(c) is an N × 1 vector of received sequence and c is an
index of the clock signal.

In the actual communication system, the signal sequence is infinitely long, so it needs
to be segmented to reduce system output delay and ensure the real-time performance of
the system. There are two main methods of segmentation group convolution processing, in-
cluding overlapping addition and overlapping reservation. To simplify the implementation,
overlapping reservation is used in this loop. The last N sampling points spliced with the
current N sampling points that read from the data cache module to form a new sequence,
where the last N sampling points are placed at the front of the new sequence. After that,
a new sequence x(c) = [r(c−1)T , r(c)T ]T is obtained, where x(c) is an 2N × 1 vector and (·)T

represents the transpose of a vector. Sending x(c) to the I/Q splitter and get sequences x(c)I

and x(c)Q respectively, where x(c)I and x(c)Q are L× 1 vector, L = 2N.

x(c)I = [I(0), 0,−I(2), 0, I(4) . . .− I(L− 2), 0],

x(c)Q = [0, Q(1), 0,−Q(3), 0, Q(5) . . .−Q(L− 1)].
(7)

Then I and Q-channel signal sequences are input to the MMF module separately to
complete matched filter and timing phase error compensation by convolution. After the
above operation, we discard the aliased data and get the output signal y(c)

I and y(c)
Q , where

y(c)
I and y(c)

Q are N × 1 vector. Decimating y(c)
I and y(c)

Q at intervals Sp to get loop output

sequence y(c)
I↓ and y(c)

Q↓, which compose the output y(c) of the system.

y(c) = y(c)
I↓ + jy(c)

Q↓, (8)

where y(c)
I↓ , y(c)

Q↓ and y(c) are N/Sp × 1 vector. y(c) is made up of the optimal sampling
points of the system and all of which were sampled at the position where the signal SNR
is maximized.

In MMF module, we introduce an index Θtap to control the matched filter coefficients

sliding step to achieve timing phase error compensation. y(c)
I and y(c)

Q calculated by the
MMF module are input to the TED module to calculate timing error estimate µ̂. Then input
µ̂ to controller module to extract the timing phase out µ and the timing sampling offset
indicator η. And the η extracted from the numerical control oscillator(NCO) is fed back to
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the data cache module. It controls the data caches control vector r(c)d ∈ {0, 1}N , which is
used to achieve the timing sampling point offset correction. In order to compensate for the
timing phase error, µ needs to be fed back to the MMF module to control the index Θtap.
These will be covered in detail in the next section.

3. Parallel Timing Recovery Loop
3.1. Modified Matched Filter

In communication systems, data transmission over a bandlimited channel requires
pulse shaping to eliminate intersymbol interference (ISI). In bandlimited digital communica-
tion systems, using a pair of matched square-root-raised-cosine (SRRC) filters in transmitter
and receiver which satisfies Nyquist first criterion, can achieve ISI-free theoretically. The de-
lay τ between the transmitter and receiver needs to be compensated to recover the symbol
information of the sender correctly. In this work, we propose a MMF, whose primary
function is to implement timing phase error compensation.

Firstly, the received time-continuous, high-order QAM signal r(t) is sampled by ADC
at rate 1/Ts. Through parallel processing and the I/Q splitter, the received signal is
separated into x(c)I and x(c)Q . Due to the calculation of I and Q-channel is the same, for con-

venience, here we take I-channel as an example to analyze. Samples x(c)I (mTs) = x(c)I [m],

m ∈ [(c− 1)L, cL) are taken at uniform intervals Ts. Sending x(c)I to the matched filter (MF),
and we get the output. The process of matched filtering is actually to convolve the signal
with gR(t), and then keep the correct convolution data to get a valid output yI(t),

yI(t) = ∑
m

x(c)I (mTs)gR(t−mTs) (N + 1)Ts ≤ t ≤ 2NTs, (9)

In the timing recovery loop, the timing error estimate µ̂ calculated by the TED is
then sent to the controller module to get the appropriate parameter timing phase out µ.
And then it is fed back to the MMF module to compensate the delay τ.

After compensation, the matched filter output yI(t) can be written as

yI(t + µ) = ∑
m

x(c)I (mTs)gR(t + µ−mTs). (10)

In N parallel paths digital receiver, we propose a modified matched filter which is
slidable. Thus, timing error compensation can be achieved by shifting gR(t). Resample
yI(t + µ) at time instants t + µ = kTi, where k is the index of the sequence calculated by
the MMF module and y(c)I (kTi) = y(c)

I [k], k ∈ [(c− 1)N, cN) at the adjustable intervals Ti,

y(c)I (kTi) = ∑
m

x(c)I (mTs)gR(kTi −mTs), (11)

where m is signal index, we define the filter index i as follows

i = ⌊kTi/Ts⌋ −m− µ, (12)

where ⌊p⌋ means largest integer not exceeding p. Also define the basepoint index mk,
which originates from the sampling index m, that is, mk = mTs and mk+1 = (m + Sp)Ts.
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Between each two basepoint, there are Sp− 1 samples. Thus, we get equation (kTi−mTs) =

(i + µ)Ts. The outputs of loop can be rewritten as

y(c)I (kTi) = y(c)I [(m + µ)Ts]

=
N2−1

∑
i=0

x(c)I [kTi − (i + µ)Ts]gR[(i + µ)Ts].
(13)

In high-speed terahertz communication, the traditional serial architectures are no
longer applicable, so the timing recovery loop proposed in this paper adopts N-path
parallel architecture. Through the data cache module, the sequence x(c)I is sent into the
MMF module and convolved with the matched filter coefficients, which has excellent ISI
rejection capability. After MMF module, we get the output sequence y(c) with adjustable
interval SpTi. Also get the sequences y(c)

I and y(c)
Q that are input to TED module to calculate

timing error estimate.

3.2. Controller

Controller module is indispensable in the timing recovery loop because the timing
error estimate calculated by TED cannot be directly applied to the MMF module for com-
pensation and the data cache module for correction. As is shown in Figure 1, the controller
module is composed of loop filter (LF) and NCO in the timing recovery loop proposed in
this paper. The role of the controller module is to extract the available information about
basepoint index mk and timing phase out µ for timing sampling point offset correction and
timing phase error compensation, respectively.

As is shown in Figure 3, the relation between ADC sampling points and optimal
sampling points is illustrated. The sampling points are timed uniformly through at a
fixed interval Ts by ADC. Due to the different sources of transmitter and receiver clock,
timing delay will inevitably occur in the system. With the accumulation of timing delay,
the basepoint will be offset and mk is no longer the optimal basepoint index. Thus, we
introduce a parameter η to represent the offset of the basepoint.

Basepoint index The next basepoint index

Timing error 
interval

<latexit sha1_base64="bbS4QvH67J9cF1Ot3EvuIMEOZCE=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiBEhKEniUmOQS8eI2SDZAg9nU7SpGexu0cIQ37CiwdFvPo73vwbO4ugog8KHu9VUVXPiwRXGuMPK7W2vrG5ld7O7Ozu7R9kD49aKowlZU0ailB2PKKY4AFraq4F60SSEd8TrO1Nrud++55JxcOgoacRc30yCviQU6KN1MlPLpzzRp/3szls41KxiC8RtovlglOpGlKuVoyEHBsvkIMV6v3se28Q0thngaaCKNV1cKTdhEjNqWCzTC9WLCJ0Qkasa2hAfKbcZHHvDJ0ZZYCGoTQVaLRQv08kxFdq6num0yd6rH57c/EvrxvrYdVNeBDFmgV0uWgYC6RDNH8eDbhkVIupIYRKbm5FdEwkodpElDEhfH2K/ietgu2U7dJtKVe7WsWRhhM4hTw4UIEa3EAdmkBBwAM8wbN1Zz1aL9brsjVlrWaO4Qest0/25Y9M</latexit>

(k + 1)Ti

<latexit sha1_base64="iZaq2X+oguwUjClE492zgrqwL7A=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoMQEZbdJCY5Br14jJAXJEuYnUySIbOz68ysEJb8hBcPinj1d7z5N04egooWNBRV3XR3+RFnSjvOh5VaW9/Y3EpvZ3Z29/YPsodHLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+u5376nUrFQNPQ0ol6AR4INGcHaSJ385KJw3uizfjbn2E6pWHQukWMXywW3UjWkXK0YCbm2s0AOVqj3s++9QUjigApNOFaq6zqR9hIsNSOczjK9WNEIkwke0a6hAgdUecni3hk6M8oADUNpSmi0UL9PJDhQahr4pjPAeqx+e3PxL68b62HVS5iIYk0FWS4axhzpEM2fRwMmKdF8aggmkplbERljiYk2EWVMCF+fov9Jq2C7Zbt0W8rVrlZxpOEETiEPLlSgBjdQhyYQ4PAAT/Bs3VmP1ov1umxNWauZY/gB6+0T+G2PTQ==</latexit>

(k + 2)Ti

<latexit sha1_base64="JxBzY5ffwf5eoCOy6xgCXXI1ERU=">AAAB73icdVDLSgMxFM3UV62vqks3wSJUhCHTqW2XRTcuK/QF7VAyaaYNzWTGJCOUoT/hxoUibv0dd/6N6UNQ0QMXDufcy733+DFnSiP0YWXW1jc2t7LbuZ3dvf2D/OFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Hrud+6pVCwSTT2NqRfikWABI1gbqVucXLjnzQEb5AvIRmXXRZcQ2W6l5FRrhlRqVSNBx0YLFMAKjUH+vT+MSBJSoQnHSvUcFGsvxVIzwuks108UjTGZ4BHtGSpwSJWXLu6dwTOjDGEQSVNCw4X6fSLFoVLT0DedIdZj9dubi395vUQHNS9lIk40FWS5KEg41BGcPw+HTFKi+dQQTCQzt0IyxhITbSLKmRC+PoX/k3bJdip2+bZcqF+t4siCE3AKisABVVAHN6ABWoAADh7AE3i27qxH68V6XbZmrNXMMfgB6+0T+fWPTg==</latexit>

(k + 3)Ti

<latexit sha1_base64="MwegPxi022spEh4ZogU7m4wORtA=">AAAB73icdVDLSgMxFM3UV62vqks3wSJUhCHTjm2XRTcuK/QF7VAyaaYNzWTGJCOUoT/hxoUibv0dd/6N6UNQ0QMXDufcy733+DFnSiP0YWXW1jc2t7LbuZ3dvf2D/OFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Hrud+6pVCwSTT2NqRfikWABI1gbqVucXLjnzQEb5AvIRm65jC4hssuVklOtGVKpVY0EHRstUAArNAb59/4wIklIhSYcK9VzUKy9FEvNCKezXD9RNMZkgke0Z6jAIVVeurh3Bs+MMoRBJE0JDRfq94kUh0pNQ990hliP1W9vLv7l9RId1LyUiTjRVJDloiDhUEdw/jwcMkmJ5lNDMJHM3ArJGEtMtIkoZ0L4+hT+T9ol26nY7q1bqF+t4siCE3AKisABVVAHN6ABWoAADh7AE3i27qxH68V6XbZmrNXMMfgB6+0T+32PTw==</latexit>

(k + 4)Ti

<latexit sha1_base64="qX7LuV6i9Xu2gylLBe+pLD1M3TI=">AAAB73icdVDJSgNBEK1xjXGLevTSGISIMPRkPwa9eIyQDZIh9HQ6SZOexe4eIQz5CS8eFPHq73jzb+wsgoo+KHi8V0VVPS8SXGmMP6y19Y3Nre3UTnp3b//gMHN03FJhLClr0lCEsuMRxQQPWFNzLVgnkoz4nmBtb3I999v3TCoeBg09jZjrk1HAh5wSbaRObnJZumj0eT+TxTYuFgq4hLBdKOedStWQcrViJOTYeIEsrFDvZ957g5DGPgs0FUSproMj7SZEak4Fm6V7sWIRoRMyYl1DA+Iz5SaLe2fo3CgDNAylqUCjhfp9IiG+UlPfM50+0WP125uLf3ndWA+rbsKDKNYsoMtFw1ggHaL582jAJaNaTA0hVHJzK6JjIgnVJqK0CeHrU/Q/aeVtp2wXb4vZ2tUqjhScwhnkwIEK1OAG6tAECgIe4AmerTvr0XqxXpeta9Zq5gR+wHr7BP0Fj1A=</latexit>

(k + 5)Ti

<latexit sha1_base64="2QvHF8awpmSxJ3rrYI5n/+XRpoU=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjJtbbssunFZoS9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2goqeuDC4Zx7ufeeIOZMG4Q+nNzG5tb2Tn63sLd/cHhUPD7p6ihRhHZIxCPVD7CmnEnaMcxw2o8VxSLgtBfMbjK/d0+VZpFsm3lMfYEnkoWMYJNJs/aIjYol5KJqpYKuIHIrtbJXb1hSa9StBD0XLVECa7RGxffhOCKJoNIQjrUeeCg2foqVYYTTRWGYaBpjMsMTOrBUYkG1ny5vXcALq4xhGClb0sCl+n0ixULruQhsp8Bmqn97mfiXN0hM2PBTJuPEUElWi8KEQxPB7HE4ZooSw+eWYKKYvRWSKVaYGBtPwYbw9Sn8n3TLrldzq3fVUvN6HUcenIFzcAk8UAdNcAtaoAMImIIH8ASeHeE8Oi/O66o156xnTsEPOG+fWH+Odw==</latexit>

kTi
<latexit sha1_base64="hTZNTDDy4to9lXdY3Yn530W0NAE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V3LbQLiWbZtvQJLskWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTxqmSTTlAU0EYnuRMQwwRULLLeCdVLNiIwEa0fju5nffmLa8EQ92knKQkmGisecEuukQPbz8bRfrXl1bw68SvyC1KBAs1/96g0SmkmmLBXEmK7vpTbMibacCjat9DLDUkLHZMi6jioimQnz+bFTfOaUAY4T7UpZPFd/T+REGjORkeuUxI7MsjcT//O6mY1vwpyrNLNM0cWiOBPYJnj2OR5wzagVE0cI1dzdiumIaEKty6fiQvCXX14lrYu6f1W/fLisNW6LOMpwAqdwDj5cQwPuoQkBUODwDK/whhR6Qe/oY9FaQsXMMfwB+vwBGo2O5A==</latexit>mk

<latexit sha1_base64="8CQiJHWdB+otJ1JrfzUwjH5/vao=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLdjdhdyOU0B/hxYMiXv093vw3btoctPXBwOO9GWbmBQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nitA2iXmsegHWlDNJ24YZTnuJolgEnHaD6C73u09UaRbLRzNNqC/wWLKQEWys1BXDLLrwZsNqza27c6BV4hWkBgVaw+rXYBSTVFBpCMda9z03MX6GlWGE01llkGqaYBLhMe1bKrGg2s/m587QmVVGKIyVLWnQXP09kWGh9VQEtlNgM9HLXi7+5/VTE974GZNJaqgki0VhypGJUf47GjFFieFTSzBRzN6KyAQrTIxNqGJD8JZfXiWdy7p3VW88NGrN2yKOMpzAKZyDB9fQhHtoQRsIRPAMr/DmJM6L8+58LFpLTjFzDH/gfP4A88KPVA==</latexit>mk+1

<latexit sha1_base64="IHS4NwygRgOZSRqzdXkIffShKW0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahIpRdKeqx6MVjhX5Bu5Rsmm1Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcyZNq777eTW1jc2t/LbhZ3dvf2D4uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDfz209UaRbJhpnE1Bd4KFnICDZW6pTFhXfe6Ot+seRW3DnQKvEyUoIM9X7xqzeISCKoNIRjrbueGxs/xcowwum00Es0jTEZ4yHtWiqxoNpP5/dO0ZlVBiiMlC1p0Fz9PZFiofVEBLZTYDPSy95M/M/rJia88VMm48RQSRaLwoQjE6HZ82jAFCWGTyzBRDF7KyIjrDAxNqKCDcFbfnmVtC4r3lWl+lAt1W6zOPJwAqdQBg+uoQb3UIcmEODwDK/w5jw6L86787FozTnZzDH8gfP5A6WsjxM=</latexit>

(m + 1)Ts

<latexit sha1_base64="9hmtNpSd6YgbE2H+qI6PbWDIJW8=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJUhLJbinosevFYoV/QLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb27md/O7e/sFh4ei4paNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvpv57SeqNItkw0xi6gs8lCxkBBsrdUrisnLR6Ot+oeiW3TnQKvEyUoQM9X7hqzeISCKoNIRjrbueGxs/xcowwuk030s0jTEZ4yHtWiqxoNpP5/dO0blVBiiMlC1p0Fz9PZFiofVEBLZTYDPSy95M/M/rJia88VMm48RQSRaLwoQjE6HZ82jAFCWGTyzBRDF7KyIjrDAxNqK8DcFbfnmVtCpl76pcfagWa7dZHDk4hTMogQfXUIN7qEMTCHB4hld4cx6dF+fd+Vi0rjnZzAn8gfP5A6c0jxQ=</latexit>

(m + 2)Ts

<latexit sha1_base64="zF03uVR5epSrPLbpuvCx15LuvyY=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJUhLKrRT0WvXis0C9ol5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMviDnTxnW/nZXVtfWNzdxWfntnd2+/cHDY1FGiCG2QiEeqHWBNOZO0YZjhtB0rikXAaSsY3U391hNVmkWybsYx9QUeSBYygo2V2iVxfnlW7+leoeiW3RnQMvEyUoQMtV7hq9uPSCKoNIRjrTueGxs/xcowwukk3000jTEZ4QHtWCqxoNpPZ/dO0KlV+iiMlC1p0Ez9PZFiofVYBLZTYDPUi95U/M/rJCa88VMm48RQSeaLwoQjE6Hp86jPFCWGjy3BRDF7KyJDrDAxNqK8DcFbfHmZNC/K3lW58lApVm+zOHJwDCdQAg+uoQr3UIMGEODwDK/w5jw6L8678zFvXXGymSP4A+fzB6i8jxU=</latexit>

(m + 3)Ts

<latexit sha1_base64="V5cW1MTrxzNAzUGWMzr4Chbmseo=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahIpRdKeqx6MVjhX5Bu5Rsmm1Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcyZNq777eTW1jc2t/LbhZ3dvf2D4uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDfz209UaRbJhpnE1Bd4KFnICDZW6pTFRfW80df9YsmtuHOgVeJlpAQZ6v3iV28QkURQaQjHWnc9NzZ+ipVhhNNpoZdoGmMyxkPatVRiQbWfzu+dojOrDFAYKVvSoLn6eyLFQuuJCGynwGakl72Z+J/XTUx446dMxomhkiwWhQlHJkKz59GAKUoMn1iCiWL2VkRGWGFibEQFG4K3/PIqaV1WvKtK9aFaqt1mceThBE6hDB5cQw3uoQ5NIMDhGV7hzXl0Xpx352PRmnOymWP4A+fzB6pEjxY=</latexit>

(m + 4)Ts

<latexit sha1_base64="jBMA00UsAf3RcNQpe5kUwXqLh7s=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBAiQtiV+DgGvXiMkBckS5idzCZDZmbXmVkhLPkJLx4U8ervePNvnCR70MSChqKqm+6uIOZMG9f9dlZW19Y3NnNb+e2d3b39wsFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdDf1W09UaRbJuhnH1Bd4IFnICDZWapfE+eVZvad7haJbdmdAy8TLSBEy1HqFr24/Iomg0hCOte54bmz8FCvDCKeTfDfRNMZkhAe0Y6nEgmo/nd07QadW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jwxk+ZjBNDJZkvChOOTISmz6M+U5QYPrYEE8XsrYgMscLE2IjyNgRv8eVl0rwoe1flykOlWL3N4sjBMZxACTy4hircQw0aQIDDM7zCm/PovDjvzse8dcXJZo7gD5zPH6vMjxc=</latexit>

(m + 5)Ts
<latexit sha1_base64="Srovs4/J4otws4F1gkM5BYJVd3E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVtKJvtpl26uwm7G6GE/gUvHhTx6h/y5r9xk+agrQ8GHu/NMDMviDnTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6ihRhHZIxCPVD7CmnEnaMcxw2o8VxSLgtBfM7jO/90SVZpFsm3lMfYEnkoWMYJNJoj3So2rNrbs50DrxClKDAq1R9Ws4jkgiqDSEY60HnhsbP8XKMMLpojJMNI0xmeEJHVgqsaDaT/NbF+jCKmMURsqWNChXf0+kWGg9F4HtFNhM9aqXif95g8SEt37KZJwYKslyUZhwZCKUPY7GTFFi+NwSTBSztyIyxQoTY+Op2BC81ZfXSfeq7l3XG4+NWvOuiKMMZ3AOl+DBDTThAVrQAQJTeIZXeHOE8+K8Ox/L1pJTzJzCHzifPwdAjj4=</latexit>

mTs

ADC sampling point

Optimal sampling point

Figure 3. The relation between sampling points.

Under the N-path parallel architecture, the loop calculates the timing phase out every
ρ symbols and ρ = N/Sp. Due to the slow change of timing error, sharing one µ among
multiple sampling points will hardly introduce extra error. In parallel implementation, N
sampling points are simultaneously input to the TED module to calculate the timing error
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estimate µ̂. Then send it to the LF to filter out the interference components mainly caused
by noise and make the output smooth. The LF output µl(c) at the c-th clock is

w1(c) = c1 × µ̂(c),

w2(c) = c2 × µ̂(c) + w2(c− 1),

µl(c) = w1(c) + w2(c),

(14)

where c1 and c2 are LF coefficients, its design corresponds to the equivalent noise bandwidth
of the loop [33]. In hardware implementation, the parameters are often set to integer
multiples of 1/2, which facilitates replacing multiplication operations with shift operations.

The smoothed timing error estimate µl is input to the NCO and used as the control
word of the NCO. The difference equation can be expressed as

µ′(c) = µ(c− 1) + µl(c), (15)

where µ′ is a temporary value of the timing phase out and µ is the timing phase out that
extracts from the NCO. According to (15), it can be seen that the theoretical timing phase
out will continuously increase or decrease to infinity. In order to limit the timing phase
out to a fixed interval, the temporary value µ′ need to be recomputed to get the timing
phase out µ, which is discussed as follow. According to the timing delay relation diagram
between ADC sampling points and optimal sampling points given in Figure 4, we can see
that with the continuous accumulation of timing delay, µ′ will exceed or lag one sampling
point. And the current basepoint index is no longer suitable, so we use the parameter η to
control the offset.

Optimal sampling point

ADC sampling point

Middle point between two samples

Hold sampling point

(c)

One symbol
<latexit sha1_base64="hTZNTDDy4to9lXdY3Yn530W0NAE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V3LbQLiWbZtvQJLskWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTxqmSTTlAU0EYnuRMQwwRULLLeCdVLNiIwEa0fju5nffmLa8EQ92knKQkmGisecEuukQPbz8bRfrXl1bw68SvyC1KBAs1/96g0SmkmmLBXEmK7vpTbMibacCjat9DLDUkLHZMi6jioimQnz+bFTfOaUAY4T7UpZPFd/T+REGjORkeuUxI7MsjcT//O6mY1vwpyrNLNM0cWiOBPYJnj2OR5wzagVE0cI1dzdiumIaEKty6fiQvCXX14lrYu6f1W/fLisNW6LOMpwAqdwDj5cQwPuoQkBUODwDK/whhR6Qe/oY9FaQsXMMfwB+vwBGo2O5A==</latexit>mk

<latexit sha1_base64="8CQiJHWdB+otJ1JrfzUwjH5/vao=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLdjdhdyOU0B/hxYMiXv093vw3btoctPXBwOO9GWbmBQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nitA2iXmsegHWlDNJ24YZTnuJolgEnHaD6C73u09UaRbLRzNNqC/wWLKQEWys1BXDLLrwZsNqza27c6BV4hWkBgVaw+rXYBSTVFBpCMda9z03MX6GlWGE01llkGqaYBLhMe1bKrGg2s/m587QmVVGKIyVLWnQXP09kWGh9VQEtlNgM9HLXi7+5/VTE974GZNJaqgki0VhypGJUf47GjFFieFTSzBRzN6KyAQrTIxNqGJD8JZfXiWdy7p3VW88NGrN2yKOMpzAKZyDB9fQhHtoQRsIRPAMr/DmJM6L8+58LFpLTjFzDH/gfP4A88KPVA==</latexit>mk+1
<latexit sha1_base64="P26xNVyIilaPwFPqhFkEBOYucUg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMpuKdVj0YvHCvYD2qVk02wbNskuSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFyScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHScKkLbJOax6gVYU84kbRtmOO0limIRcNoNoru5332iSrNYPpppQn2Bx5KFjGBjpa4YZtFVbTYsV9yquwBaJ15OKpCjNSx/DUYxSQWVhnCsdd9zE+NnWBlGOJ2VBqmmCSYRHtO+pRILqv1sce4MXVhlhMJY2ZIGLdTfExkWWk9FYDsFNhO96s3F/7x+asIbP2MySQ2VZLkoTDkyMZr/jkZMUWL41BJMFLO3IjLBChNjEyrZELzVl9dJp1b1GtX6Q73SvM3jKMIZnMMleHANTbiHFrSBQATP8ApvTuK8OO/Ox7K14OQzp/AHzucP9UePVQ==</latexit>mk+2One symbol

One symbol

Delete sampling point

(b)

<latexit sha1_base64="8CQiJHWdB+otJ1JrfzUwjH5/vao=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLdjdhdyOU0B/hxYMiXv093vw3btoctPXBwOO9GWbmBQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nitA2iXmsegHWlDNJ24YZTnuJolgEnHaD6C73u09UaRbLRzNNqC/wWLKQEWys1BXDLLrwZsNqza27c6BV4hWkBgVaw+rXYBSTVFBpCMda9z03MX6GlWGE01llkGqaYBLhMe1bKrGg2s/m587QmVVGKIyVLWnQXP09kWGh9VQEtlNgM9HLXi7+5/VTE974GZNJaqgki0VhypGJUf47GjFFieFTSzBRzN6KyAQrTIxNqGJD8JZfXiWdy7p3VW88NGrN2yKOMpzAKZyDB9fQhHtoQRsIRPAMr/DmJM6L8+58LFpLTjFzDH/gfP4A88KPVA==</latexit>mk+1
<latexit sha1_base64="hTZNTDDy4to9lXdY3Yn530W0NAE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V3LbQLiWbZtvQJLskWaEs/Q1ePCji1R/kzX9j2u5BWx8MPN6bYWZelApurOd9o9La+sbmVnm7srO7t39QPTxqmSTTlAU0EYnuRMQwwRULLLeCdVLNiIwEa0fju5nffmLa8EQ92knKQkmGisecEuukQPbz8bRfrXl1bw68SvyC1KBAs1/96g0SmkmmLBXEmK7vpTbMibacCjat9DLDUkLHZMi6jioimQnz+bFTfOaUAY4T7UpZPFd/T+REGjORkeuUxI7MsjcT//O6mY1vwpyrNLNM0cWiOBPYJnj2OR5wzagVE0cI1dzdiumIaEKty6fiQvCXX14lrYu6f1W/fLisNW6LOMpwAqdwDj5cQwPuoQkBUODwDK/whhR6Qe/oY9FaQsXMMfwB+vwBGo2O5A==</latexit>mk

<latexit sha1_base64="P26xNVyIilaPwFPqhFkEBOYucUg=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMpuKdVj0YvHCvYD2qVk02wbNskuSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFyScaeO6305hY3Nre6e4W9rbPzg8Kh+fdHScKkLbJOax6gVYU84kbRtmOO0limIRcNoNoru5332iSrNYPpppQn2Bx5KFjGBjpa4YZtFVbTYsV9yquwBaJ15OKpCjNSx/DUYxSQWVhnCsdd9zE+NnWBlGOJ2VBqmmCSYRHtO+pRILqv1sce4MXVhlhMJY2ZIGLdTfExkWWk9FYDsFNhO96s3F/7x+asIbP2MySQ2VZLkoTDkyMZr/jkZMUWL41BJMFLO3IjLBChNjEyrZELzVl9dJp1b1GtX6Q73SvM3jKMIZnMMleHANTbiHFrSBQATP8ApvTuK8OO/Ox7K14OQzp/AHzucP9UePVQ==</latexit>mk+2One symbol
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Figure 4. The operations of selecting basepoints for three different situations: (a) Delete. (b) Reserve.
(c) Hold.
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Figure 4a describes a situation that the ADC sampling rate is faster than the true
symbol rate. As the result, the optimal sample point move forward as time pass and finally
exceed the middle point of two adjacent ADC sampling points, thus, one ADC sampling
point needs to be deleted (namely jumped over) and the basepoint moves one more point
to the right side (mk+1 = mk + Sp + 1). In practical, η(c) = 1 is fed back to the data cache
module to achieve the deletion of the sampling point. In this situation, temporary value
of the timing phase out µ′ is larger than 0.5 in value and it should be subtracted by 1
to get the timing phase out µ which is limited to a fixed interval (i.e., µ ∈ [−0.5, 0.5)).
Figure 4b describes an opposite situation that the ADC sampling rate is slower than the true
symbol rate, and one sampling point needs to be reserved (i.e., η(c) = −1). Simultaneously,
the basepoint moves one fewer point to the right side (mk+1 = mk + Sp − 1). Figure 4c
demonstrates the situation that µ′ ∈ [−0.5, 0.5), ADC sampling points do not need to be
deleted or reserved (i.e., η(c) = 0), it means the basepoint index mk has no more special
operations to be done.

The timing recovery loop in this paper is a double feedback loop. After controller,
we extract the timing phase out µ and the timing sampling point offset indicator η. µ is
feedback to the MMF module to control the sliding step of the matched filter coefficients
to achieve timing phase error compensation and η is feedback to the data cache module,
which controls the reading of sampling points to delete, hold or reserve the ADC sampling
points. After these two steps, timing error compensation at the receiver is completed. The
controller algorithm for our timing recovery loop can be summarized as Algorithm 1:

Algorithm 1 Controller algorithm for the timing recovery loop
Input: The c-th clock timing error estimate µ̂(c) from TED.
1: Input µ̂(c) to the LF and get the smoothed timing error estimate µl according to (14).
2: µ′(c) = µ(c− 1) + µl(c).
3: if µ′(c) > 0.5 then
4: µ(c) = µ′(c)− 1 η(c) = 1
5: else if µ′(c) ≤ −0.5 then
6: µ(c) = µ′(c) + 1 η(c) = −1
7: else
8: µ(c) = µ′(c) η(c) = 0
9: end if

Output: Output the c-th time clock timing error phase out µ(c) and timing sampling point
offset indicator η(c).

3.3. Timing Error Detector

The TED plays a crucial role on the system performance of the timing recovery loop.
Gardner TED algorithm [11] and O&M TED algorithm [12] are enduring for a long time
and have been widely used. The Gardner TED algorithm (taking QPSK as an example) can
be expressed as

µ̂(c) = y(c)
I (mk − Sp/2)

[
y(c)

I (mk)− y(c)
I (mk−1)

]
+y(c)

Q (mk − Sp/2)
[
y(c)

Q (mk)− y(c)
Q (mk−1)

]
.

(16)

In the case of high-order modulation, (16) needs to be modified. According to [34], we get
the modified Gardner TED algorithm that suitable for high-order QAM modulation.

https://doi.org/10.3390/s26041163

https://doi.org/10.3390/s26041163


Sensors 2026, 26, 1163 10 of 22

µ̂(c) =

{
y(c)

I (mk − Sp/2)− y(c)
I (mk) + y(c)

I (mk−1)

2

}
×

[
y(c)

I (mk)− y(c)
I (mk−1)

]
+

y(c)
Q (mk − Sp/2)−

y(c)
Q (mk) + y(c)

Q (mk−1)

2


×

[
y(c)

Q (mk)− y(c)
Q (mk−1)

]
.

(17)

O&M TED algorithm requires at least four samples for each symbol (e.g., Sp ≥ 4),
and the calculation is more complicated. The O&M TED algorithm can be expressed as

µ̂(c) = − 1
2π

arg(Yl(c)), (18)

where Yl(c) is the l-th data segment’s spectral components at c-th clock determined by
computing the complex Fourier coefficient at the symbol rate. Every data segment includes
EN samples, E is the cumulative length which means every data segment spans E clock.

Yl(c) =
E+l−1

∑
n=l

Y(n). (19)

Y(c) is the spectral components determined by N samples at c-th clock,

Y(c) =
N−1

∑
k=0

F(c)[k]e−j2πk/Sp , (20)

where F(c)[k] = (y(c)
I [k])2 + (y(c)

Q [k])2.
The choice of the cumulative length E is related to the O&M TED’s estimate accuracy

and the capture range of the timing phase error. So, choosing an appropriate cumulative
length E is important.

4. Timing Recovery Loop Implementation
In the implementation of the N-path parallel timing recovery loop, how to achieve

timing sampling point offset correction and timing phase error compensation is very
important. The specific implementation details are as follows.

4.1. Modified Matched Filter Implementation

In the timing recovery loop, the timing phase out µ extracted from the controller
is fed back to the MMF module, and the timing phase error is compensated by sliding
the matched filter coefficients. In digital communication system, finite-impulse response
(FIR) filter with SRRC characteristic is often used as matched filter. Generally, the filter
is truncated into Sl symbols, each symbol period contains Sp samples. The order of filter
is Sl × Sp and the length of its coefficients is N2 = Sl × Sp + 1. And the selection of the
Sl value is limited by the length of the signal sequence to ensure sufficient convolution.
What’s more, the value of roll-off factor α determines the bandwidth of the signal that
B = (1+ α)Rs, where Rs is symbol rate, and we need to choose a suitable α value according
to different TED application conditions. For example, Gardner TED is considered to be
applicable for approximately 40–100 percent excess bandwidth of the signal [11]. However,
higher α value means wider bandwidth the channel need, so choosing a proper α value is
important to balance the resource of bandwidth and TED performance.
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From the analysis above, the value of µ is limited to a fixed interval (i.e., µ ∈ [−0.5, 0.5)),
namely the timing error is at range from the left middle point of one ADC sampling point
to the right middle point of the same point. To achieve timing phase error compensation
accurately between every two ADC sampling points according to (4), it is necessary to
generate a long series of matched filter coefficients in advance. That is, K points between
every two samples of the matched filter should be inserted, where K is called filter over-
sampling multiple value and it usually takes as an integer multiple of 2 for implementation.
According to [35,36], we get the extended MMF coefficients sequence gp. Figure 5 shows an
example of a SRRC pulse gp with α = 0.35, S′p = SpK = 4K, Sl = 4 and K = 4. In this figure,
blue points form a normal SRRC pulse with oversampling rate Sp = 4 and gray points,
which quantity is associated with K, are theoretical points between every two adjacent blue
points at uniform intervals.

…

…
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(c)
R (Θtap = 3)

Figure 5. The extended SRRC pulse in discrete time domain with K = 4, Sp = 4 and Sl = 4.

The input value µ from controller module cannot be used directly to get the MMF
coefficients, because it is not integer and it is not suitable to lookup coefficients in prac-
tice. For implementation, we introduce an index Θtap to extract g(c)R from the extended
sequence gp,

Θtap(c) =
K
2
+ ⌊µ(c)K⌋

=

⌊(
1
2
+ µ(c)

)
K
⌋

.
(21)

Since µ ∈ [−0.5, 0.5), the index of the MMF coefficients Θtap ∈ [0, K− 1]. For parallel
implementation, we split the coefficients gp into N2 = Sl × Sp + 1 sections with uni-
form interval K and these sections are stored in N2 independent ROMs (namely, ROMi,
i = 0, 1, · · · , N2 − 1), respectively. As shown in Figure 5, each ROM is based on the samples
corresponding to the matched filter of length N2 without offset as the center (blue points),
stores its ⌊K/2⌋ points in the negative direction and ⌊K/2⌋ − 1 points in the positive di-
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rection. Under this condition, its sliding range is [−K/2, K/2). The slid MMF coefficients
g(c)R is read from each ROMs by index Θtap. Take Θtap = 3 as an example, g(c)R is composed
with the 3rd data stored in each ROM, as shown in Figure 5.

After reading the g(c)R from ROMs, convolving sequences x(c)I and x(c)Q with it respec-

tively to achieve timing phase error compensation and get output sequence y(c). In order to
reduce resource consumption and improve operation efficiency, we use polyphase filtering
technique to achieve matched filtering by dividing the convolution process into several
smaller steps. According to the polyphase filtering theory, (13) can be rewritten as the form
of L path parallel polyphase filtering form in z-transform domain:

y(c)
I [k] =

k

∑
i=0

g(c)R [i]x(c)I [k− i] + z−L

{
L−1

∑
i=k+1

g(c)R [i]x(c)I [L + k− i]

}
, 0 ≤ k ≤ L− 2

y(c)
I [L− 1] =

L−1

∑
i=0

g(c)R [i]x(c)I [L− 1− i].

(22)

Since the length of the filter is N2, it means g(c)R [N2 + 1] ∼ g(c)R [L− 1] are all equaling
to 0, the equation can be further simplified to reduce the calculational complexity.

4.2. Data Cache Implementation

As the timing delay accumulate, timing sampling point offset which causes timing
phase error compensation by MMF mentioned above failure is inevitable. According
to the analysis in Section 3.2, η is used to control data cache module, that is, the offset
correction is achieved by reserving or deleting the sampling points. Under the N-path
parallel architecture, data sampled by the ADC are stored in N parallel data caches. We
introduce a control vector r(c)d to determine the data reading behavior of data caches,

r(c)d =
[
r(c)d0 , r(c)d1 , · · · , r(c)d(N−1)

]T
∈ {0, 1}N , (23)

where r(c)di is the i-th data cache’s control signal at c-th clock.As is shown in Figure 6, r(c)di can

be used as a switcher of the q-th cache. r(c)di = 1 indicates that the i-th switcher is on so that

i-th data cache is allowed to read data at the c-th clock. And when r(c)di = 0, the switcher is
off and there is no output from the i-th cache.

Data 
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Data 
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Data Cache Module
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r(c)[2] …
Figure 6. The control switch of the data cache.

The value of the control vector r(c)d is determined by the timing sampling point offset
η(c). When η(c) = 0, it means that there is no timing sampling point offset at the current
moment and all data caches read data normally, that is, r(c)d is a full 1 vector. When
η(c) = −1, the ADC sampling clock is slower than the true symbol rate and one sampling
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point needs to be reserved. At this point, the q-th data cache does not read data and
maintains the previous output,

(r(c)d ←q 0) =
[
r(c)d0 , · · · , r(c)d(q−1), 0, · · · , r(c)d(N−1)

]T
, (24)

where q is a decremental value with range [0, N − 1], i.e., q = q− 1 when the next η(c) = −1
is coming.

When η(c) = 1, the ADC sampling clock is faster than the true symbol rate and one
sampling point needs to be deleted. Firstly, reading the data that need to be deleted from
p-th data cache which will be temporarily stored without entering the timing recovery loop.
p is an incremental value with range [0, N − 1], i.e., p = p + 1 when the next η(c) = 1 is
coming. At this time, we introduce an enable signal C to control whether to discard the
sequence r(c) read from data caches. When C = 0, the output sequence r(c) is discarded, that
means the current sequence r(c) will not enter into the timing recovery loop. The system
suspends the current operation and waits for the next clock to come. Then, all N parallel
data caches read data normally.

The algorithm proposed in this paper to achieve the reservation or deletion of sampling
points of data caches in the timing recovery loop can be described as Algorithm 2. In FPGA
implementation, due to the high clock stability achievable in current industrial applications,
timing synchronization failure caused by clock accumulation can be neglected.

Algorithm 2 Timing sampling point offset correction
Input: The timing sampling point offset indicator η(c− 1).

Initialization: Initialize the vector r(c)d ([r(c)di ]
N−1
i=0 = 1), q = N − 1 and

p = 0.
1: if η(c− 1) = −1 then
2: q = mod(q− 1, N) and [r(c)di ]

N−1
i=0 = 1

3: (r(c)d ←q 0) C = 1
4: else if η(c− 1) = 1 then
5: p = mod(p + 1, N) and [r(c)di ]

N−1
i=0 = 0

6: (r(c)d ←p 1) C = 0
7: else
8: [r(c)di ]

N−1
i=0 = 1

9: C = 1
10: end if
11: Read data sequence r(c) from data caches (DCs).
12: r(c)[m] = DCs(r(c)d [m]).
13: Rearrange the output data which read from data caches to get the correct output

sequence r(c).
14: Determine whether the output data r(c) is input to the timing recovery loop.

Output: The data sequence r(c) that read from data cache module.

4.3. Filter Oversampling Multiple Value

The value of K is important to the accuracy of timing phase error compensation, which
can severely affect the performance of the loop. To analyze clearly, we introduce a value vk,

vk =
⌊K× µ⌋

K
− µ, (25)

which represents the difference between the compensation value of the timing phase error
through the MMF module and the actual timing phase output. It can be seen from (25) that
the larger the value of K , the higher the timing recovery accuracy of the loop. However,
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in actual communication system, K → ∞ is impractical. According to the requirements
of timing recovery performance, selecting an appropriate K value is very important. It
should be noted that in FPGA implementation, the larger the the value of K, the larger the
storage resources consumption. We use numerical simulation to determine how to select
an appropriate K value, which can save resources to the greatest extent while ensuring the
timing recovery performance.

5. Simulation and Hardware Implementation
This section aims to verify the feasibility of the proposed timing recovery loop. Sam-

pling deviations are introduced in numerical simulations to emulate the timing errors
encountered in practical communication systems, thereby evaluating the timing recovery
performance of the proposed loop. To further validate the algorithm’s feasibility under
real-world operating conditions, a hardware platform for terahertz communication systems
is established to conduct experimental tests on the proposed timing recovery loop.

5.1. Numerical Simulation Results

This section presents numerical simulations of the proposed timing recovery loop
based on MMF compensation. The feasibility of the loop is evaluated using two key
indicators: the clarity of the constellation diagram after timing recovery, and the proximity
of the system’s BER to the theoretical BER—with the deviation between the post-recovery
BER and the theoretical BER required to fall within an acceptable range. As detailed
in Section 4.3, a suitable value of parameter K is determined through loop performance
simulation before FPGA implementation. Figure 7 illustrates the BER curves corresponding
to different K values under a timing sampling deviation of P = 0.99975, where P denotes
the timing sampling deviation, that is, resampling the transmitter sequence at P times of
the original sampling rate.
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 K = 1 0 2 4
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Figure 7. The BER curve for different K under P = 0.99975.

When K ≤ 4, the BER curve decreases slowly, and the performance gap tends to widen
as Eb/N0 increases. When K ≥ 16, the BER curve tends to align with the theoretical BER
curve, and with the increase of K, the performance loss is less than 0.1 dB compared to the
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theoretical BER curve. Thus, we choose K = 32 for both loop performance simulation and
hardware implementation. The parameters of this architecture is shown in Table 1.

Table 1. Basic parameters of timing recovery loop.

System Parameters Variable Value

Parallel paths N 64
Modulation order M-QAM 64-QAM
SRRC filter length N2 65
Up-sampling ratio Sp 4

Symbol rate Rs (Gsps) 2.5 Gsps
Timing sampling deviation P 0.99975

TED / O&M
Filter oversampling multiple value K 32

To comprehensively characterize the performance of the proposed timing recovery
loop, numerical simulation results are presented in this part. Figure 8 illustrates a compar-
ison of the constellation diagrams before and after the operation of the timing recovery
loop: Figure 8a shows the constellation diagram prior to loop processing, while Figure 8b
depicts the constellation diagram after loop optimization. A clearly distinguishable 64QAM
constellation pattern is observed in Figure 8b, demonstrating the effective timing recovery
capability of the proposed loop. And the EVM performance is shown in Figure 9, after tim-
ing recovery, the average EVM of the system is 3.86%, and most symbols have EVM values
concentrated in the range of 0 to 4%. To further validate the loop’s performance under
noisy conditions, additive white Gaussian noise (AWGN) is introduced into the received
sequence, and BER curves are obtained over an Eb/N0 range of 13 dB to 18 dB is given.
Figure 10 presents the BER curves corresponding to different TED algorithms. It can be
observed that the performance of the proposed timing recovery loop outperforms the
algorithms reported in [25,28]. Figure 11a illustrates the smoothed timing error estimate
µl of the system, and Figure 11b depicts the NCO output µ. As observed from the figures,
the system output µl oscillates around the actual timing error value. Combined with the
analysis results presented in Figures 8–11, we can draw a conclusion that the proposed
joint timing recovery loop exhibits efficient operational performance in practical scenarios.
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Figure 8. The constellation diagrams before (a) and after (b) timing recovery loop.
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Figure 9. The EVM performance after loop.
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Figure 10. The BER curve of the loop.
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Figure 11. Parallel timing recovery system output parameters. (a) is the smoothed timing error
estimated µl of the system. (b) is the the timing phase out µ.

5.2. FPGA Implementation and Experimental Results

To verify the feasibility and practicality of the proposed time-domain joint algorithm,
a terahertz high-speed communication transceiver verification platform was established,
and corresponding hardware tests were conducted. The main implementation parameters
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are listed in Table 1, with the timing sampling deviation introduced by the actual commu-
nication system. Specifically, the filter length was selected as N2 = 33, which balances loop
performance and hardware resource consumption effectively.

The topology and physical photograph of the hardware verification platform are
illustrated in Figure 12a,b respectively. Xilinx Zynq UltraScale+ RFSoC ZCU216 (ZU49DR)
Evaluation Kit (marked as (1) in Figure 12b) was employed to generate a 64QAM-modulated
signal with a data rate of 15 Gbps (2.5 Gsps) at an intermediate frequency (IF) of 2.5 GHz.
The generated digital sequence from FPGA is converted into analog signal by one of DAC
channels of XM655 16T16R Breakout Add-on Card and then mixed with radio frequency
(RF) of 220 GHz [37–39] by subharmonic mixer (marked as (2) in Figure 12b), which is
driven by 12.222 GHz reference clock from signal source. Finally, the transmitting signal
propagates through a THz antenna.

 220GHz
 Up Conversion

 220GHz
 Down Conversion ADC

(3) Receiver
xcvu9p FPGA

(2) Frequency converter module 

JTAG

SMA SMA
DAC

(1) Transmitter
Xilinx ZCU216

(a)

(b)

Figure 12. The hardware verification platform of the timing recovery loop. (a) is the topology of the
platform. (b) is the photograph of platform.

At the receiver, the 220 GHz RF signal captured by the THz antenna was amplified by a
low-noise amplifier (LNA) before being downconverted to an IF signal via another subhar-
monic mixer. The IF signal was then digitized by an ADC channel of the TI ADC12DJ5200RF
EVM board at a sampling rate of 10 Gsps. A Xilinx UltraScale+ VCU118 (XCVU9P) Evalu-
ation Kit (marked as (3) in Figure 12b) was utilized to implement the full receiver signal
processing chain, including the proposed timing recovery loop, equalization, carrier syn-
chronization, and 64QAM demodulation. The full-flow receiver data (from ADC input to
demodulated output) was recorded to verify the end-to-end performance. The constellation
diagram and BER after each processing stage were monitored to confirm the effectiveness
of the proposed timing recovery algorithm in the actual receiver chain.

Firstly, a system direct-connection test was conducted, where the only timing deviation
introduced into the system originated from the ADC sampling instants. This test scenario
focuses on verifying the core performance of the proposed timing recovery loop under
a simplified yet practical non-ideal condition. The constellation diagrams after timing
recovery were displayed in ChipScope software on a PC via the JTAG interface. Figure 13a
presents the constellation diagram of the received signal before timing recovery, while
Figure 13b shows the constellation diagram after the proposed timing recovery loop is
enabled. It can be observed that the proposed loop achieves excellent performance in
mitigating ADC-induced sampling deviations, as evidenced by the fully distinguishable
64QAM constellation.
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(a) (b)

Figure 13. The constellation diagram before (a) and after (b) the timing recovery process of the
received signal.

Subsequently, a long-distance THz communication field test was carried out to further
validate the loop’s performance in practical application scenarios. In this test, the proposed
timing recovery loop was integrated as a key stage in the receiver signal processing chain
to jointly complete system demodulation. The received constellation diagrams and BER
of the system were statistically analyzed through three independent test runs, with the
measured results presented in Figure 14. Figure 14a shows the physical photograph of the
receiver hardware platform deployed in the field test, while Figure 14b depicts the three
sets of statistical BER results from the independent tests. The average BER across the three
measurements is 3.75× 10−8, and the post-demodulation constellation diagram exhibits
clear clustering of 64QAM symbol points. These results fully demonstrate the superior
performance, excellent stability, and reliable practicality of the proposed timing recovery
loop in real long-distance THz communication systems.

Table 2 presents the FPGA resource utilization results and comparison with other
studies under the same environment with geometric mapping. It can be seen our archi-
tecture shows a consistent advantage in LUT and BRAM utilization. Compared with
existing timing recovery loops, this loop avoids a large number of FFT/IFFT operations or
interpolation, reduces the computational complexity of the system. The advantage of the
proposed loop is even more significant as the number of parallel paths N increases.

Table 2. Resource Occupation Comparison.

Logic Utilization Proposed In [5] Proposed In [28] Proposed

DSPs 2241 1060 837
Slice LUTs 67,806 81,000 74,172

Slice Registers 66,061 46,900 104,600
BRAM 16 153 380

Table exists mapping estimation.
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(a)

(b)

Figure 14. (a) is the topology of the platform. (b) is the photograph of platform.

6. Conclusions
This paper proposes a joint parallel timing recovery loop based on a time-domain

feedback architecture, with its performance comprehensively validated through numer-
ical simulations and hardware experiments. Under the condition of an AWGN channel
with a timing sampling deviation factor P = 0.99975 introduced, the proposed loop was
compared with conventional parallel loops, and the simulation results demonstrate that
its BER aligns well with the theoretical curve, incurring a performance loss of less than
0.1 dB with 64QAM modulation. For hardware validation, the loop was successfully de-
ployed on the Xilinx UltraScale+ VCU118 (XCVU9P) Evaluation Kit and integrated into
a 220 GHz communication system. System-level tests confirm its capability to support
real-time demodulation of 15 Gbps 64QAM signals. As a key stage in the receiver, it enables
the system to achieve an average BER of 3.75× 10−8, verifying the loop’s excellent stability
and practicality in supporting end-to-end system performance. Notably, the architecture
avoids extensive FFT/IFFT operations and interpolation, significantly reducing hardware
resources. However, higher synchronization precision requires storing more MMF coeffi-
cients, and its performance is achieved at the cost of ROM resources. Combined with its
inherent high parallelism, the proposed loop effectively addresses the resource constraints
of on-board systems and meets the evolving demands of next-generation large-bandwidth,
high-speed THz communication.
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