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Abstract

This research conducted a comparative analysis of two communication systems. The first system utilizes a conventional series

configuration consisting of a symbol-rate least mean square (LMS) equalizer followed by a timing recovery loop. The second

system introduces an innovative approach that integrates a symbol-rate LMS equalizer and a timing recovery component within

a single loop, allowing mutual feedback between the two blocks. In this integrated system, the equalizer also provides timing

error information, thereby eliminating the requirement for a separate threshold error detector. This study examines the

performance curves of both system configurations. The simulation results revealed that the integrated system may offer

improved stability in terms of multiple transmission challenges, including phase and frequency offsets and intersymbol

interference. Further analysis and discussion highlight the significant insights and implications of the proposed architecture.

Overall, the present findings provide an alternative perspective on the joint implementation of equalization and timing recovery

in communication systems.

Index Terms: Series system, Joint system, Timing recovery, Symbol-rate

I. INTRODUCTION

Accomplishing stable signals is essential for effective

transmission; however, challenges such as noise, dispersion,

and reception inaccuracies emerge from channel impair-

ments. Techniques such as equalization and timing recovery

are imperative to mitigate these impairments and ensure

accurate signal reception. In general, systems employ sepa-

rate blocks for these techniques. The equalizer modifies fil-

ter coefficients to offset channel noise and intersymbol

interference (ISI), whereas the timing recovery loop adjusts

timing indices to address subpar temporal synchronization.

Gardner [1] introduces a threshold error detector (TED)

that utilizes two samples per symbol obtained from a single

signal to calculate the timing error. The comprehensive tim-

ing recovery system employing this block [2]. Subsequent

work by Gardner [3] examines the curves of temporal error,

filtered error, and the output of the numerically controlled

oscillator (NCO), addressing both phase and frequency

errors, within a system operating at 16 samples per symbol.

Zhou [4] evaluated two configurations using this timing

recovery loop: one with a series system including clock

recovery and a feed-forward equalizer (FFE), and another

that combines these blocks into a joint system. Zhou’s study

demonstrated that the joint system outperforms the series

system under specific dispersion conditions, and could effec-

tively manage the large frequency errors by processing the

signal at a rate of two samples per symbol.

To date, several studies have explored enhancements and

integrations of synchronization and equalization techniques
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from various perspectives. Ref. [5] introduces an improved

Gardner synchronization loop that incorporates Lagrangian

cubic interpolation, which enhances synchronization perfor-

mance by implementing a polarity selection mechanism prior

to the timing error detector (TED) block. Ref. [6] proposes a

timing recovery criterion that utilizes adaptive coefficients

from a decision feedback equalizer (DFE) for digital sub-

scriber line (DSL) systems, with adjustments modifying the

sampling phase accordingly. Ref. [7] presents a convergence

analysis of timing and carrier recovery loops employing an

adaptive equalizer for digital communication channels, which

emphasizes the critical selection of convergence parameters

to prevent biases in time or carrier phase.

Ref. [8] describes an algorithm for symbol-rate timing

recovery in DSL, and proposed a semi-analytical framework

to determine the relationship between the variance of the

time estimate, acceptable noise levels, and dead zone thresh-

olds. Ref. [9] introduces a method for joint fractionally-

spaced equalization and timing recovery, eliminating the

need for separate circuits by utilizing the center of mass dis-

placement of the equalizer weights for clock synchronization.

Ref. [10] details an analog timing recovery implementation for

a noise-predictive DFE, which results in faster operation and

a significant reduction in jitter. Ref. [11] analyzes time jitter

immunity using a phase detector based on the stochastic gra-

dient algorithm and compares it with a method based on spe-

cific signal paths, all within the context of multi-level

decision feedback equalization with clock recovery for mag-

netic recording channels.

Furthermore, Ref. [12] provides practical solutions for

blind fractionally spaced equalization and timing synchroni-

zation in wireless fading channels. Finally, Ref. [13] pro-

poses a joint carrier recovery and blind DFE for fast time-

varying channels. Overall, although these articles present

innovative ideas on related topics, they pose limitations such

as inadequate cross-model comparisons, highly specialized

algorithms, or the requirement for high-performance equaliz-

ers.

Herein, we introduce a novel approach by integrating a

symbol-rate LMS equalizer with a Gardner timing recovery

mechanism into a unified closed-loop system. The key inno-

vation of this system is the restoration of the time interval

through error estimation, which is achieved by comparing

the coefficients adjacent to the central coefficient of the

symbol-rate equalizer. This method eliminates the need for a

separate TED block. Such integration facilitates a more

direct and dynamic interaction between the components,

potentially improving the system stability.

The remainder of the paper is organized as follows: the

series and joint system architectures along with the simula-

tion setup and analysis scenarios are detailed in Section II.

The performance curves obtained from various simulations

are presented in Section III, providing insights under differ-

ent conditions. Finally, in Section IV, a comprehensive anal-

ysis of the results is presented along with conclusions and

suggestions for future research directions.

II. SYSTEM MODELS AND METHODS

A. Series system

The series system architecture, illustrated in Fig. 1, initi-

ates by generating a random bitstream, encoding it into

binary format, and modulating it into complex symbols using

a predefined alphabet. The signal is then upsampled by a

specific factor, resulting in a rate higher than the Nyquist

rate. Subsequently, the channel is downsampled to align with

the signal rate during convolution. Additive white Gaussian

noise (AWGN) may also be introduced to the convolved sig-

nal. The process concludes with the signal undergoing ana-

log-to-digital (A/D) conversion, which includes interpolation

and resampling.

The synchronization loop adjusts the sampling time to cor-

rect any phase or frequency deviations in the received signal.

It employs a NCO to determine the integer and fractional

indices for mathematical interpolation. The interpolator then

performs cubic Lagrange interpolation, aligning the samples

to their correct positions and downsampling the signal.

A TED measures the error between consecutive symbols,

which is proportional to phase and frequency discrepancies.

The TED error is expressed in Equation 1, where e[n] rep-

resents the error at the n-th symbol, with sI and sQ denoting

the in-phase and quadrature signals, respectively.

Fig. 1. Series system scheme.
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(1)

A proportional-integral (PI) controller calculates the input

signal for the NCO based on the detected errors. The NCO

contains a register that holds a fractional value representing

the current phase of the oscillator, which fluctuates with

each clock cycle. When this value exceeds zero, the register

overflows and generates a new interpolation. The fractional

value at this moment is used to calculate the fractional sam-

pling interval.

Following the timing recovery loop, an additional downs-

ampling operation is performed. The downsampling block

also determines the initial sample of the potential downsam-

pled signals by measuring the distance of the samples from

the constellation symbols.

Subsequently, the equalization process occurs. A symbol-

rate LMS equalizer is employed, and its complex weights are

continuously adapted to minimize the error between the

received symbols and the expected values. By optimizing the

filter coefficients, the equalizer can more effectively com-

pensate for the channel impairments, and thus, improve the

signal quality.

After equalization, the symbols are detected by comparing

the Euclidean distance between the equalized symbols and

each symbol in the alphabet. The symbol corresponding to

the smallest distance is selected in each case. These symbols

are then demodulated and converted back into their original

format. Subsequently, the recovered symbols are decoded to

retrieve the transmitted bits. The decoding process thus con-

verts the sequence of demodulated symbols into a binary bit-

stream, reproducing the information originally transmitted by

the source.

B. Joint system

As depicted in Fig. 2, the joint system shares common

functions with the series system, which establishes a basis

for generating, processing, and converting the transmitted

signal. These shared functions ensure consistency and com-

patibility between the two systems, while also enabling the

joint communication system to perform unique operations

beyond the common steps.

Initially, the system generates a random bitstream, encodes

and modulates it into complex symbols, performs upsam-

pling, processes the signal through the communication chan-

nel, and undergoes A/D conversion. Subsequently, it diverges

from the previous scheme. Finally, as in the series architec-

ture, the symbols are demodulated and decoded to recover

the transmitted binary information.

The joint system integrates the stages of symbol equaliza-

tion, detection, and timing recovery into a unified loop. Sim-

ilar to the series system, this system utilizes a symbol-rate

LMS equalizer for symbol equalization. This equalizer itera-

tively adapts its filter coefficients to counteract distortions

caused by the channel, thereby reducing the ISI. The detec-

tion is conducted by comparing each symbol to the constel-

lation points.

Both the PI controller and the NCO are implemented as in

the series system. However, the timing error is estimated by

subtracting the values of the two coefficients adjacent to the

central coefficient, thereby eliminating the need for a tradi-

tional TED in the timing recovery stage. The error formula is

presented in Equation 2, where e[n] represents the error at

the n-th symbol, N denotes the number of equalizer coeffi-

cients, and taps refers to the vector of coefficients, which are

updated at each symbol interval.

(2)

This scheme posits that the timing recovery, by leveraging

the error information from the equalizer coefficients,

enhances synchronization accuracy. Improved synchroniza-

tion, in turn, improves the performance of the equalizer by

providing a more synchronized and better-shaped signal.

C. Simulation setup

In all experiments, the number of randomly generated

symbols transmitted is fixed at 1000. Quadrature amplitude

modulation is employed for transmitting information. The

channel model utilizes a raised cosine function with a roll-

off factor of 0.7. The detection of received symbols incurs a

phase error equivalent to the duration of a quarter of a sym-
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Fig. 2. Joint system scheme.
91 http://jicce.org



J. lnf. Commun. Converg. Eng. 22(2): 89-97, Jun. 2024 
bol. Each equalizer comprises seven coefficients, and

employs a variable step size, starting at 0.1 and reducing by

half every third of the total symbols. The simulations are

conducted in the absence of AWGN.

Moreover, in both systems, the upsampling rate is set to

four, allowing the timing recovery to process a signal con-

sisting of four samples per symbol. The signals input to the

equalization and detection blocks are at symbol rate, follow-

ing prior downsampling stages.

Table 1 outlines the simulation setup, detailing various

scenarios labeled as Scenario 1, Scenario 2, and so forth, up

to six scenarios. These scenarios are designed to assess the

impact of ISI, which may be absent, low, or high, and the

effect of frequency deviation, which may be zero or a spe-

cific value. The conditions in each scenario reflect potential

adverse conditions in the channel model and during symbol

detection.

Specifically, the “Frequency offset” parameter indicates

the frequency deviation during symbol detection. Scenarios

2, 4, and 6 include a frequency offset of 0.001, equivalent to

0.1% of the ideal symbol time, whereas the remaining sce-

narios include no frequency offset. Conversely, the “ISI

level” parameter measures the amount of ISI relative to the

ideal channel. This is modeled by assuming a Gaussian dis-

tribution function with zero mean and a variance equal to the

ISI level. A single random sample from this distribution gen-

erates a set of values representing a deterministic interfer-

ence signal, which is then superimposed on the ideal raised

cosine channel to create a channel model with ISI.

III. RESULTS

A. Non-ISI channel

This case pertains to scenarios 1 and 2, where no ISI

affects the channel. Fig. 3 illustrates the channel model in

the time domain, presenting both continuous-time and dis-

crete-time representations (where “t” denotes time and “T”

represents the interval at which symbol pulses are uniformly

spaced). The discrete-time equivalent channel has a sampling

rate of four samples per symbol. Below these representa-

tions, the graphs depict the frequency response of the chan-

nel in terms of magnitude and phase.

Fig. 4 displays the eye diagram of the signal input to the

A/D converter. This diagram clearly shows two distinct

images, representing the real and imaginary components of

the signal. The eye diagram features well-defined open eyes,

indicating that all potential symbol transitions are precisely

aligned at each symbol interval.

1) Scenario 1. Series system:

Fig. 5 presents the timing recovery curves. The light blue

curve indicates the timing error, the orange curve represents

the filtered error at the output of the PI block, and the green

curve depicts the output signal from the NCO. In this ideal

scenario, the synchronization error approaches zero after an

initial transient stage. The NCO output stabilizes at a value

of 0.5. All curves on the y-axis are dimensionless.

Fig. 6 focuses on the filtered error signal, offering a

zoomed view. This signal follows the same profile as the

error curve but appears smoother. It converges to a control

value set at -1, a non-zero value selected to prevent compli-

cations from sign changes.

2) Scenario 1. Joint system:

The performance curves of the joint system are plotted in

Fig. 7, exhibiting similar steady-state behaviors to those of

the series system but with increased smoothness.

Fig. 3. Channel for scenarios 1 and 2: time domain, equivalent model,

magnitude and phase.

Fig. 4. Eye diagram for scenarios 1 and 2.

Table 1. Simulation setup

Parameters 
Scenario specific values

Sc. 1 Sc. 2 Sc. 3 Sc. 4 Sc. 5 Sc. 6

Frequency offset 0 0.001 0 0.001 0 0.001

ISI level 0 0 0.05 0.05 0.15 0.15
https://doi.org/10.56977/jicce.2024.22.2.89 92
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Fig. 8 displays a zoomed-in view of the filtered error for

the joint system, which follows the same profile as the error

curve. Given that this signal closely resembles the timing

error and serves merely as an intermediate signal, it is omit-

ted in subsequent scenarios to prevent redundancy.

3) Scenario 2. Series system:

In Fig. 9, the timing error signal approaches zero, and the

filtered error signal approaches -1. Post-transient, the NCO

output oscillates in a sawtooth pattern. 

4) Scenario 2. Joint system:

Fig. 10 illustrates that the error signal approaches zero

with a smooth profile. Following the transient stage, the

NCO output remains periodic.

B. Low ISI channel

For scenarios 3 and 4, where the ISI level is 0.05, Fig. 11

depicts the channel model. The eye diagram in Fig. 12 shows

some mismatching in the symbol transitions at each symbol

time instant.

1) Scenario 3. Series system:

Fig. 13 demonstrates the error signal converging to zero

with moderate variability. The NCO output successfully

compensates for the phase error, stabilizing at 0.5.

2) Scenario 3. Joint system:

Fig. 14 indicates that the joint system exhibits synchroni-

Fig. 11. Channel for scenarios 3 and 4: time domain and equivalent model.

Fig. 12. Eye diagram for scenarios 3 and 4.

Fig. 5. Synchronization curves for series system in the first scenario.

Fig. 6. Zoom of the filtered error for series system in the first scenario.

Fig. 7. Synchronization curves for joint system in the first scenario.

Fig. 8. Zoom of the filtered error for joint system in the first scenario.

Fig. 9. Synchronization curves for series system in the second scenario.

Fig. 10. Synchronization curves for joint system in the second scenario.
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zation error, filtered error, and NCO output signals with

fewer disturbances compared to the series system. The

curves exhibit no instability peaks.

3) Scenario 4. Series system:

As depicted in Fig. 15, the error curve stabilizes with a

zero mean, and the NCO output continues to oscillate peri-

odically, experiencing rapid perturbations.

4) Scenario 4. Joint system:

Fig. 16 displays the timing error with a zero mean and the

NCO output in periodic oscillation, exhibiting greater stabil-

ity and smoothness than the series system.

C. High ISI channel

This case pertains to scenarios 5 and 6, where the ISI level

is 0.15. Fig. 17 illustrates the channel model, which exhibits

significant dispersion, as evidenced by the pronounced peaks

compared to previous examples. Subsequently, Fig. 18 dis-

plays the eye diagrams, indicating that despite the high ISI

value, detection remains feasible due to the presence of eye

openings.

1) Scenario 5. Series system:

Fig. 19 presents the performance of the serial system in

this scenario, where the timing error signal fluctuates around

zero with highly variable peaks. The NCO output curve dis-

plays an unstable profile. 

2) Scenario 5. Joint system:

Conversely, Fig. 20 demonstrates that the system main-

tains normal operating behavior, as evidenced by the zero

mean of the error curve. The NCO output curve appears

smooth and stabilizes at the setting value of 0.5.

Fig. 13. Synchronization curves for series system in the third scenario.

Fig. 14. Synchronization curves for joint system in the third scenario.

Fig. 15. Synchronization curves for series system in the fourth scenario.

Fig. 16. Synchronization curves for joint system in the fourth scenario.

Fig. 17. Channel for scenarios 5 and 6: time domain and equivalent model.

Fig. 18. Eye diagram for scenarios 5 and 6.

Fig. 19. Synchronization curves for series system in the fifth scenario.
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3) Scenario 6. Series system:

Fig. 21 depicts the error signal oscillating around zero,

with occasional peaks of significant variability. The NCO

output displays an erratic pattern.

4) Scenario 6. Joint system:

Fig. 22 illustrates that the error signal converges to zero

after the transient stage, whereas the NCO output continues

to oscillate periodically, indicating proper operation.

IV. DISCUSSION

A. Analysis of results

Both the serial and joint systems exhibit competent perfor-

mance in achieving synchronization with a constant phase

error spanning a quarter of a symbol time, even in the pres-

ence of a frequency offset, as observed in scenarios 1 to 4.

Additionally, the convergence times of the two systems are

remarkably similar.

In the first scenario, where only the phase offset is present,

the NCO output swiftly corrects this deviation during its

transient stage. A detailed analysis of Figs. 5 to 8 reveals

that the timing error and filtered error curves of the joint sys-

tem demonstrate less variability, suggesting that the joint

system achieves higher precision.

When a frequency offset is introduced alongside a phase

offset, as in the second scenario, the output of the NCO is in

constant frequency correction. Consequently, the resulting

curve exhibits periodic oscillations similar to a sawtooth

function. A comparison of Figs. 9 and 10 reveals that the

joint system consistently achieves lower variability in perfor-

mance.

A similar pattern is observed in scenarios 3 and 4. As

depicted in Figs. 13 to 16, both the series and the joint sys-

tems successfully correct phase and frequency errors. How-

ever, notable differences in performance are evident. The

series system exhibits a more pronounced degradation, char-

acterized by increased fluctuations and irregularities in the

curves. In contrast, the joint system demonstrates smoother

performance, indicating its superior ability to maintain sta-

bility and accuracy.

In scenario 5, as depicted in Fig. 19, the series system

struggles to maintain performance in the presence of high

levels of ISI, and it encounters difficulties in achieving syn-

chronization and consequently in recovering the correct tim-

ing of symbols. Conversely, the joint system, as illustrated in

Fig. 20, is able to overcome these impairments, ensuring

effective detection and synchronization.

In the final scenario, the series system is unable to effec-

tively correct the defects caused by frequency deviation and

ISI, as evidenced by the high variability in the timing error

curve plotted in Fig. 21. This system fails to converge the

signal to zero, leading to the propagation of erratic behavior

throughout the other curves in the loop. In contrast, the joint

system maintains accurate performance, as seen in Fig. 22.

These findings underscore the superior effectiveness of the

joint system compared to the series system. The ability of

the joint system to simultaneously address synchronization

and equalization contributes to its enhanced stability and

robustness in challenging communication environments.

B. Conclusions

The present simulations and comparative analysis illustrate

the potential benefits of the joint architecture in maintaining

stable transmission, particularly in scenarios susceptible to

ISI, such as when overlapping symbols distort the signal or

when there is a deviation in the receiver sampling time from

the transmitted symbol time. This is in comparison to the

conventional approach.

A control system incorporating NCO shares several simi-

larities with the conventional analog phase-locked loop.

However, a detailed analysis of the digital implementation is

crucial to avoid unforeseen performance limitations. An

architecture proficient in managing synchronization issues is

Fig. 20. Synchronization curves for joint system in the fifth scenario.

Fig. 21. Synchronization curves for series system in the sixth scenario.

Fig. 22. Synchronization curves for joint system in the sixth scenario.
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essential for ensuring reliable communication, as it mini-

mizes signal distortion and maximizes data integrity.

Further optimizations are necessary to comprehensively

assess the advantages and disadvantages of this joint archi-

tecture across various communication scenarios and channel

conditions. In future research, we intend to continue investi-

gating the relationship between these systems under different

parameter settings to determine the circumstances under

which one system may be optimal. Additionally, the incorpo-

ration of new operating schemes will facilitate a broader

comparison.
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