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Abstract: This study proposes a derivative-based, carrierless pulse position modulation
(PPM) scheme utilizing a voltage-controlled oscillator (VCO) and a monostable multivi-
brator. In contrast to conventional PPM systems that rely on reference carriers or complex
demodulation methods, the proposed architecture simplifies signal generation by directly
modulating the time derivative of the message signal. The modulated signal, when pro-
cessed through standard analog demodulators, inherently yields the derivative of the
original message. This behavior is first established through theoretical derivations and then
confirmed by simulations and circuit-level experiments. The proposed method includes a
differentiator feeding into a VCO, followed by a monostable multivibrator to generate a
carrierless PPM waveform. Experimental validation confirms that, under all tested demod-
ulation approaches—integrator-based, PLL-based, and quasi-FM—the recovered output
aligns with the differentiated message signal. The integration of this output to retrieve
the original message was not performed to maintain focus on verifying the modulation
principle. Additionally, the study aimed to ensure the consistency of derivative recovery.
Signal-to-noise ratio (SNR) expressions for each demodulator type are presented and dis-
cussed in the context of their relevance to the proposed system. Limitations and directions
for further study are also identified.

Keywords: signal modulation; rectangular PPM; carrierless PPM; frequency modulation;
phase-locked loop; voltage-controlled oscillator

1. Introduction
Pulse Position Modulation (PPM) is a well-established technique in optical and wire-

less communication [1], encoding information through the temporal position of pulses.
PPM is traditionally classified into carrier-based and carrierless types. Carrier-based
methods, while effective, depend on reference signals, which add to system complexity.
Carrierless PPM avoids reference signals but often requires elaborate demodulation systems
such as phase-locked loops (PLLs) [2], time-to-voltage converters, or signal reconstruc-
tion circuits.

In this study, we propose a novel carrierless PPM modulation scheme based on the
derivative of the input signal, a voltage-controlled oscillator (VCO), and a monostable
multivibrator. This architecture eliminates the need for carrier generation or reconstruction,
enabling a simple and compact implementation. Using Fourier analysis, we demonstrate
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that carrierless PPM inherently encodes the derivative of the message signal in its lowest
frequency component. This allows signal recovery using basic analog operations, such as
integration and low-pass filtering, without requiring complex recovery circuits.

The approach contributes to both the theoretical understanding and practical real-
ization of simplified modulation systems by offering a direct mapping from the input
signal to carrierless PPM using minimal analog components. The remainder of this paper
outlines the theoretical basis, proposed circuit design, and simulation-based validation of
the method.

1.1. Literature Review

PPM has evolved across various communication domains, including optical fiber,
free-space optics, and underwater laser communication [3–7]. It has been implemented
in analog and digital forms [8], with innovations targeting improved synchronization [9],
demodulation accuracy [10], and bandwidth efficiency [11,12]. Recent designs have in-
tegrated PPM with OFDM, PWM, and other hybrid schemes [13,14], aiming to increase
spectral efficiency and robustness.

Traditional PPM demodulation involves converting received signals into PWM, then
applying low-pass filtering or integrating them for message recovery [15,16]. These meth-
ods are straightforward for carrier-based PPM, but carrierless variants require additional
processing, such as carrier reconstruction using PLLs or time-to-voltage conversion tech-
niques [17–22]. Other studies explore PFM and selective pulse methods to improve demod-
ulation flexibility [23,24].

Spectral analyses confirm that both PWM and PPM belong to the phase modulation
family, though practical implementations remain complex. Hybrid modulation schemes
and energy-efficient transceivers have shown performance gains, but with increased circuit
intricacy [25–29].

While the building blocks used in this study—taking the derivative of the message
signal, voltage-controlled oscillators, and monostable multivibrators—are well-established,
this work draws insight from common principles across multiple PPM demodulation strate-
gies to construct a new, low-complexity carrierless PPM modulation scheme. The resulting
architecture eliminates carrier reconstruction and aligns well with compact, cost-sensitive
platforms such as Internet of Things (IoT) systems [30]. By integrating foundational con-
cepts in a novel configuration, this approach addresses implementation challenges in
carrierless PPM and demonstrates practical advantages.

Several studies have analyzed pulse position modulation (PPM) in terms of band-
width trade-offs, implementation complexity, and modulation comparisons. While many
existing techniques rely on digital processing, complex synchronization, or hybrid signal
processing, the proposed method adopts a refined analog design with a differentiator, VCO,
and monostable multivibrator. Table 1 provides a concise overview of relevant works,
including various implementation approaches. In contrast, the proposed technique lever-
ages a practical design, offering a carrierless and hardware-optimized solution for pulse
position modulation.

Table 1. Summary of selected related works on PPM and their comparison to the proposed method.

Ref.
No. Authors/Title (Year) Application/System

Context Advantages Limitations Comparison to Proposed
Method

[2] Wisartpong et al. (2009)

PLL-based analog
PPM circuit with
carrier/no-carrier
options

Simple tuning,
compact
implementation

Requires PLL, RS
flip-flop; medium
complexity

Proposed system eliminates
PLL and flip-flop, yielding
lower complexity and fewer
analog blocks
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Table 1. Cont.

Ref.
No. Authors/Title (Year) Application/System

Context Advantages Limitations Comparison to Proposed
Method

[6] Tang et al. (2022)
Overview of PPM
developments and
experiments

Broad analysis;
discusses BER/SNR
trends

No specific hardware
design or
simplification

Proposed work contributes
practical, minimal hardware
design and theoretical modeling
validated by experiments

[8] Mahdiraji & Zahedi
(2006)

Comparative study
of OOK, PPM, and
DPIM

PPM has best power
efficiency

Requires complex
synchronization for
PPM

Proposed method avoids
synchronization overhead by
leveraging simplified analog
processing

[9] Liu (2022)

Remote
communication with
frame head/tail for
sync

Frame sync via Gray
code; low BER

Relies on FPGA and
digital logic

Proposed design avoids digital
complexity, using analog VCO +
monostable

[10] Li (2022)
PPM system modeled
with AWGN and BER
analysis

Theoretical BER
validation via
simulation

No hardware
implementation or
simplification focus

Proposed work validates
modulation/demodulation
both in MATLAB and on
physical circuit level (MATLAB
Version R2024b Update 5
(24.2.0.2871072))

[13] Ebrahimi et al. (2018)
Combines OFDM
with PWM/PPM for
VLC

Handles PAPR well;
improves BER

OFDM integration
increases circuit
complexity

Proposed system is free of
OFDM blocks and uses
lower-power analog modules
instead

[19] Boongsri et al. (2013)

Analog FM
demodulation via
PWM generation and
LPF

Simple architecture;
adjustable gain

Limited to audio
signals

Inspired FM-to-PPM block
structure in the proposed work
with general signal applicability

1.2. Research Contributions

The key contributions of this research are:

1. To develop a unified analytical framework showing that PPM demodulation funda-
mentally yields the derivative of the message signal.

2. To analyze and compare several carrierless PPM demodulation methods, confirming
their inherent link to the derivative of the message signal.

3. To propose and implement a novel PPM modulation scheme where the differentiated
message signal drives a VCO and monostable multivibrator, streamlining carrierless
PPM generation.

4. To validate the proposed approach through simulations and experiments, demonstrat-
ing effective signal recovery and highlighting performance benefits over conventional
methods in tested scenarios.

This paper is organized as follows. Section 2 presents a signal component analysis
of PWM and PPM, establishing their mathematical and spectral properties. Section 3
derives the proposed derivative-based carrierless PPM method—employing a VCO and
monostable multivibrator—from a unified framework encompassing multiple carrierless
PPM demodulation strategies. Section 4 analyzes the performance of the technique in
comparison with existing approaches. Section 5 describes the experimental setup and
results, while Section 6 discusses key considerations and future directions. Lastly, Section 7
concludes with a summary of contributions and directions for future work.

2. Principle of Signal Component Analysis for PWM and PPM
In this section, the components of PWM and PPM signals are analyzed, starting with

the PWM signal and its Fourier series analysis, followed by the same analysis for the PPM
signal. It is well-established that square waves with identical frequencies but varying duty
cycles exhibit identical magnitude spectra, differing only in their phase spectra. PWM, a
form of phase modulation, modulates the phase of the signal in each cycle in accordance
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with the information signal. Similarly, PPM is another phase modulation technique in
which the phase varies with the information signal.

2.1. Analysis of Components in PWM Signals

PWM signal is represented by the SPWM(t). PWM involves encoding information by
varying the duration of the positive pulses within a square wave. The pulse width is directly
proportional to the amplitude of the information signal. When the information signal
exceeds the voltage of the sawtooth waveform, positive pulses are generated. Conversely,
when the information signal is lower than the sawtooth waveform, negative pulses are
produced. The relationship between the PWM signal and the sawtooth waveform is
illustrated in Figure 1. It should also be noted that SPWM (t) can interchangeably be
expressed by ϕPWM (t).

Figure 1. Comparison between the information signal and the sawtooth waveform (carrier) yields
the output SPWM (t).

From Figure 1, the signal SPWM (t) over a single period can be expressed by
Equation (1), where A denotes the amplitude of the PWM signal. The variables t0 and
Tp represent the initial time reference (usually set to 0) and the pulse width duration,
respectively, while T determines the period of the PWM signal. This expression is then ana-
lyzed to determine the components of the signal using the Fourier series, where F0 and Fn

denote the fundamental frequency and n-th harmonic frequency. Both are calculated using
Equations (2) and (3), respectively, where the latter is expressed in a complex form, with j
indicating the imaginary part. Later, for the complex form, j indicates the imaginary part.

SPWM(t) =

{
A; t0 ≤ t ≤ t0 + Tp

0; t0 + Tp ≤ t ≤ t0 + T
(1)

F0 =
1
T

∫ t0+T

t0

SPWM(t)dt =
1
T

(∫ Tp

0
Adt +

∫ T

Tp
0dt
)
= A

Tp

T
, where t0 = 0 (2)

Fn = 1
T
∫ t0+T

t0
SPWM(t)·e−jnω0tdt = 1

T

(∫ Tp
0 A·e−jnω0tdt +

∫ T
Tp

0·e−jnω0tdt
)

= A
Tjnω0

(
e−jnω0Tp − 1

)
, where t0 = 0

(3)

Subsequently, SPWM (t) is re-expressed in terms of the Fourier series using F0 and
Fn, yielding the PWM signal as shown in Equation (4). By substituting ω0 = 2π

T , where
ω0 represents the angular fundamental frequency, into Equation (4) and rearranging, the
original SPWM (t) from Equation (1) is re-expressed as Equation (5). This re-expression,
written in Equation (5), represents a summation of sinusoidal components.

SPWM(t) = F0 + ∑∞
n=−∞ Fnejnω0t

= A Tp
T + ∑∞

n=1

(
− 2A

Tnω0
sin
(
nω0

(
t − Tp

))
+ 2A

Tnω0
sin(nω0t)

) (4)
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SPWM(t) = A Tp
T + ∑∞

n=−∞

(
− 2A

Tn( 2π
T )

sin
(
nω0

(
t − Tp

))
+ 2A

Tn( 2π
T )

sin(nω0t)
)

= A kpm(t)
T + ∑∞

n=1

(
− A

nπ sin
(
nω0

(
t − kpm(t)

))
+ A

nπ sin(nω0t)
) (5)

From Equation (5), the pulse width Tp is proportional to the information signal m(t),
given by Tp = kpm(t) ≤ T. The proportionality factor kp defines modulation depth in
PWM, determining how m(t) influences pulse duration. It is observed that the PWM signal,
SPWM (t), consists of a lowest frequency term, which is the information signal. In addition,
it includes higher frequency terms, corresponding to phase modulation with a sine wave at
various frequencies.

2.2. Analysis of Components in PPM Signals

For the analysis of PPM, we present an indirect approach, demonstrating that PPM
arises from PWM with and without delay. The PPM signal is obtained by subtracting
the delayed PWM signal, where the delay equals the width of the positive pulse, from
the original PWM signal. The equation representing the components of the delayed
PWM signal, where ε denotes the time delay, is derived from Equation (5). The delayed
signal, SPWMD (t) or SPWM (t − ε), is expressed in Equation (6), where kp retains the same
definition as in Equation (5).

SPWMD(t) = A
kpm(t − ε)

T
+

∞

∑
n=1

(
A

nπ
sin(nω0(t − ε))− A

nπ
sin
(
nω0

(
t − ε − kpm(t − ε)

)))
(6)

After obtaining the delayed PWM signal shown in Equation (6), the PWM signal
without delay, as expressed in Equation (5), is first subtracted by the delayed PWM signal.
The resulting expression is then rearranged, giving rise to Equation (7). As can be observed
in Equation (7), the third term represents the pulse carrier signal, with the positive pulse
width equal to ε.

ϕPWM(t − ε)− ϕPWM(t) = −A kp(m(t)−m(t−ε))
T

+∑∞
n=1

A
nπ

(
sin
(
nω0

(
t − kpm(t)

))
− sin

(
nω0

(
t − ε − kpm(t − ε)

)))
−∑∞

n=1
A

nπ (sin(nω0t)− sin(nω0(t − ε)))

(7)

The subtraction process of the PWM signals with and without delay is illustrated
in Figure 2. The first row of signal displays ϕPWM (t), while the second row shows
ϕPWM (t − ε). The third row illustrates the subtraction of the two upper signals, where the
positive portion represents the PPM signal, ϕPPM (t), and the negative portion corresponds
to the pulse carrier signal. Finally, the last row shows the resulting output, which produces
the PPM signal, ϕPPM(t).

Therefore, to isolate only the PPM modulation terms, the pulse carrier component is
discarded. This pulse carrier term, illustrated in Figure 3, corresponds to a DC term that
represents its duty cycle. In this context, the DC term is defined as D.

To ensure that the PPM signal maintains a low voltage level of 0 volts and a high pulse
level of 1 volt (or any positive value), the DC component D of the pulse carrier term must
be compensated. The resulting equation for the PPM signal is given in Equation (8).

ϕPPM(t) = −A kp(m(t)−m(t−ε))
T

+∑∞
n=1

A
nπ

(
sin
(
nω0

(
t − kpm(t)

))
− sin

(
nω0

(
t − ε − kpm(t − ε)

)))
+ D

(8)

The term m(t)−m(t−ε)
T in Equation (8), when compared with the period T, can be ap-

proximated as the derivative of the information signal ( dm(t)
dt ). Based on this approximation,
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the equation for the components of the PPM signal, excluding the rectangular pulse carrier,
is ultimately expressed in Equation (9).

ϕPPM(t) = −Akp
dm(t)

dt
+∑∞

n=1
A

nπ

(
sin
(
nω0

(
t − kpm(t)

))
− sin

(
nω0

(
t − ε − kpm(t − ε)

)))
+ D

(9)

From Equation (9), it is shown that the components of the PPM signal consist of a low-
frequency term, which is the direct current, and the information that has been differentiated.
Meanwhile, the high-frequency components consist of the phase-modulated terms, which
are the delayed and non-delayed versions subtracted from each other.

Figure 2. Subtraction of delayed and non-delayed PWM signals, resulting in the PPM signal.

Figure 3. Pulse carrier signal obtained from the third term of Equation (7).

3. Proposed Techniques of Demodulation and Modulation
3.1. General PPM Demodulation

PPM demodulation generally involves converting PPM back into PWM, which re-
quires a reference clock pulse signal and the PPM pulse as inputs to an RS Flip-Flop. Once
the PWM signal is recovered, it is passed through a Low Pass Filter (LPF) to obtain the
recovered information signal,

∼
m (t). The block diagram of the demodulation process is

shown in Figure 4.

Figure 4. A block diagram of general PPM demodulation.

3.2. Proposed Carrierless PPM Techniques

The following sections analyze several classical carrierless PPM demodulation meth-
ods. Despite their different implementations—whether based on integration, PLL, or
quasi-FM-PWM conversion—each approach consistently reveals that the demodulated
output is fundamentally the derivative of the original message signal. Recognizing this
common outcome motivates the development of a new modulation technique, presented
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in the subsequent section, which explicitly differentiates the message signal prior to PPM
generation to simplify the overall system structure.

3.2.1. Demodulation via Integration: Derivative Recovery from PPM

PPM demodulation offers two options: converting PPM to PWM or converting PPM to
PAM and then passing it through an LPF. Based on the analysis of the PPM signal without
a carrier shown in Figure 5, the time interval (∆tn) between the n-th pulse and the previous
pulse (n − 1) is analyzed. The relationship between these time intervals is then expressed
in Equation (10), where ∆m (t n) equals to m (t n)−m (t n−1

)
after rearranging.

Figure 5. Analysis of the carrierless PPM signal, focusing on the time interval (∆tn) between consecu-
tive pulses.

∆tn = (nT + m(tn))− ((n − 1)T + m(tn−1)) = T + ∆m(tn) (10)

Hence, when the PPM signal controls the switch in an integrator circuit shown in
Figure 6, the switch opens when the signal is LOW, causing the integrator to operate. When
the signal is HIGH, the output of the integrator is set to 0. In this circuit, −Vr serves
as a constant reference voltage, providing a fixed baseline for comparison. The output
voltage, Vo, is obtained through the mathematical method of integration and is given by
Equation (11). The integration process is governed by the resistor R and capacitor C, where
their values determine the rate of voltage accumulation over time.

Vo =
1

RC

nT+m(tn)∫
(n−1)T+m(tn−1)

Vrdt = Vr
RC

(
t|nT+m(tn)
(n−1)T+m(tn−1)

)
= Vr

RC (nT + m(tn)− ((n − 1)T + m(tn−1)))

(11)

Figure 6. Integrator circuit controlled by the PPM signal through the switch.

As shown in Equation (11), the terms in parentheses are like the ones presented in
Equation (10) so Equation (11) is rewritten as Equation (12). Considering the term ∆m (tn)

in relation to time T in Equation (12), the relationship for Vo is expressed as in Equation (13)
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where the term ∆m(tn)
T appears. This term can be approximated as the derivative of the

information signal m(t) with respect to time t.

Vo =
Vr

RC
(T + ∆m(tn)) (12)

Vo =
Vr × T

RC

(
1 +

∆m(tn)

T

)
∼=

Vr × T
RC

+
Vr × T

RC
·dm(t)

t
(13)

From Equation (13), Vo represents the peak value of the sawtooth signal generated
by the integration, as shown in Figure 7. When considering Equation (13), it can be
observed that the result of the integration varies with the derivative of the information
signal. Therefore, the demodulation process described above produces an output that is
the derivative of the information signal, m(t). To recover the original information signal,
∼
m (t), the value of Vo from Equation (13) must be passed through a High-Pass Filter (HPF),
and integration is required to recover the original information signal. This is because the
DC term, when integrated, increases linearly. Thus, we can design the HPF in conjunction
with the integrator to form a Band-Pass Filter (BPF). The low-frequency response of the
BPF behaves like an HPF, while the high-frequency response behaves like an LPF, which is
analogous to the behavior of the integrator.

Figure 7. An illustration of the relationship between the integration process and the resulting Vo,
where the black dashed line represents the approximated signal derived from Equation (13), the red
line denotes the integrator circuit output, and the navy-blue line corresponds to the PPM signal.

This analysis demonstrates that the integration-based demodulation of carrierless
PPM fundamentally produces the derivative of the original message signal. This recurring
outcome suggests that differentiating the message signal prior to modulation could simplify
the overall system.

3.2.2. Demodulation via PLL: Phase-to-Derivative Relationship

For PPM demodulation using a PLL approach, the PPM signal is used as an input to
the PLL circuit. The block diagram of the demodulation process is shown in Figure 8. In
this approach, an RS flip-flop and a monostable multivibrator are used as a phase detector
and the rest of the structure is abided by the conventional PLL structure.
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Figure 8. Block diagram of the PLL used for PPM demodulation.

To recover the information signal through the PPM demodulation process without the
carrier using PLL, a conventional structure of PLL illustrated in Figure 9 is analyzed.

Figure 9. Conventional block diagram of the PLL approach.

To elaborate the traditional block diagram of the PLL approach, key variables shown
in Figure 9 are detailed as follows:

ϕi(S) represents the Laplace transform of the phase input ϕi (t),
ϕo(S) represents the Laplace transform of the phase output ϕo (t),
Vo(S) represents the Laplace transform of the LPF output Vo (t),
ωr represents the Laplace transformation of a constant of free response,
ωL represents the cutoff frequency of the LPF,
F(S) refers to the transfer function of the LPF,
kb is a constant of a phase detection circuit,
ko is a constant of VCO sensitivity, and
B is a gain of an integrator circuit.

Referring to Figure 9, let us consider the points Vo (S) and ϕo (S). The corresponding
relationships are expressed in Equations (14) and (15), respectively.

Vo(S) = F(S)kb(ϕi(S)− ϕo(S)) (14)

ϕo(S) =
B
S
(ωr + koVo(S)) (15)

Substituting Equation (15) into Equation (14) yields Equation (16) and later Equation (16)
is adjusted, giving rise to Equation (17).

Vo(S) = F(S)kb

(
ϕi(S)−

B
S
(ωr + koVo(S))

)
(16)

Vo(S) = F(S)kbϕi(S)−
B
S

ωrF(S)kb −
B
S

koVo(S)F(S)kb (17)
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Translating the term B
S koVo(S)F(S)kb to the left-hand side (LHS) produces Equation (18).

In the same equation, F(S) is defined as a first-order passive LHF, where its transfer function
is expressed by ωL

S+ωL
and plugged into Equation (18), producing Equation (19).

Vo(S) +
B
S

koVo(S)F(S)kb = F(S)kbϕi(S)−
B
S

ωrF(S)kb (18)

Vo(S) +
B
S

koVo(S)
(

ωL
S + ωL

)
kb =

(
ωL

S + ωL

)
kbϕi(S)−

B
S

ωr

(
ωL

S + ωL

)
kb (19)

After that, Equation (19) is rearranged, as shown in Equation (20). Once Equation (20)
is obtained, the denominator, S(S + ωL), is multiplied throughout Equation (20), resulting
in Equation (21) with a slight rearrangement.

Vo(S) +
BωL

S(S + ωL)
koVo(S)kb =

(
ωL

S + ωL

)
kbϕi(S)−

BωL
S(S + ωL)

ωrkb (20)

S2Vo(S) + SωLVo(S) + BωLkoVo(S)kb = SωLkbϕi(S)− BωLωrkb (21)

To facilitate the solution for the response, the inverse Laplace transform of Equation (21)
is applied, resulting in Equation (22).

d2Vo(t)
dt2 +

ωLdVo(t)
dt

+ BωLkoVo(t)kb = ωLkb
dϕi(t)

t
− BωLωrkb (22)

It is assumed that the PLL is a stable system that has reached a steady state. Conse-
quently, the solution for the forced response is determined by setting ϕi(t) = ωit + θi and
substituting this expression into Equation (22), resulting in Equation (23).

d2Vo(t)
dt2 +

ωLdVo(t)
dt

+ BωLkoVo(t)kb = ωLkbωi − BωLωrkb (23)

When the forcing function on the right-hand side of the equation is constant, the
first and second derivatives of the assumed solution are equal to zero (according to the
undetermined coefficient method). Thus, Equation (23) can be rewritten as Equation (24)
and Equation (24) is reformulated as Equation (25).

BωLkoVo(t)kb = ωLkbωi − BωLωrkb (24)

Vo(t) = (kbωi − Bkbωr)/Bkbko (25)

For the sake of convenience in analyzing, let B be 1, and Equation (25) is simplified as
shown in Equation (26). When considering the PPM signal equation as phase modulation,
where ϕi(t) is proportional to m(t), the frequency term ωi in Equation (26) can be expressed
as the derivative of ωi =

dϕi(t)
dt = dm(t)

dt . Consequently, Equation (26) can be rewritten as
Equation (27).

Vo(t) = (ωi − ωr)/ko (26)

Vo(t) =
(

dm(t)
dt

− ωr

)
/ko (27)

Finally, it is evident that the output voltage of the LPF in Equation (27), which is a
component of the PLL, is the derivative of the transmitted message signal.

Thus, the PLL-based demodulation approach also confirms that the demodulated
output is the derivative of the message signal. This further supports the idea of applying
differentiation before modulation to streamline the process.
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3.2.3. Demodulation via Quasi-FM-PWM: Frequency Modulation Perspective

The analysis of demodulating PPM signals without a carrier using a PLL reveals
that, by nature, the PLL circuit is an FM demodulator or a phase demodulator where the
information signal is differentiated. Consequently, we conclude that carrierless PPM can be
considered a form of frequency modulation, where the information signal is differentiated.
This offers an alternative perspective on the matter. Furthermore, in the research conducted
by Rapeepong et al. [19], they proposed an FM demodulation technique by converting
the information signal into a quasi-FM-PWM signal. Their analysis demonstrated that
a quasi-FM-PWM signal contains low-frequency components that vary with frequency,
which in turn also varies with the information signal, as expressed in Equation (28). In the
same equation, A represents the amplitude and Ti is the period of the information signal,
m(t). Additionally, k is a proportionality constant that influences the transformation of FM
signals into quasi-FM-PWM signals. Based on their analysis, the quasi-FM-PWM signal is
expressed as Equation (29), where the component of PWM signal is converted from FM
signals by a monostable multivibrator circuit.

ATp

Ti
= ATpkm(t) (28)

ϕpwFM(t) =
ATp

Ti
+

∞

∑
n=1

{
−Asin

(
nωi

(
t − Tp

))
/nπ

+Asin(nωit)/nπ

}
(29)

Plugging the expression in Equation (28) into Equation (29) leads to Equation (30), in
which the information signal, m(t), appears within the quasi-FM-PWM waveform.

ϕpwFM(t) = ATpkm(t) +
∞

∑
n=1

{
−Asin

(
nωi

(
t − Tp

))
/nπ

+Asin(nωit)/nπ

}
(30)

Therefore, in the case of a carrierless PPM signal, which is a form of phase modulation,
if considered from the perspective of frequency modulation, it can be realized as frequency
modulation where the information signal is differentiated. When it is converted into a quasi-
FM-PWM signal using a monostable multivibrator, it yields its low-frequency term, which
varies with the derivative of the information signal, as demonstrated by Equation (31) [19,23].

ATp

Ti
= ATpk

dm(t)
dt

(31)

As a result, the PPM signal without a carrier can be demodulated by utilizing a
monostable multivibrator, followed by passing its output through an LPF. This process
produces an output that corresponds to the derivative of the information signal, with the
rate of amplification being dependent on the pulse width of the monostable multivibrator.
To retrieve the original message, the differentiated signal must be integrated. The block
diagram of the system is shown in Figure 10.

Figure 10. Demodulating PPM from the perspective of FM modulation, in conjunction with its
conversion to PWM. Derived with permission from Ref [19].

The quasi-FM-PWM demodulation method likewise yields the derivative of the message
signal as its output. This consistent finding across different demodulation techniques moti-
vates the proposed approach of differentiating the message signal prior to PPM generation.
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3.2.4. Proposed Derivative-Based PPM Modulation Using VCO and Monostable Multivibrator

Building on the previous analyses, which show that all major carrierless PPM demod-
ulation methods yield the derivative of the message signal, we propose a novel modulation
technique. Instead of generating PPM through conventional PWM comparison and monos-
table multivibrator circuits, this method first differentiates the message signal and then
uses it to drive a voltage-controlled oscillator (VCO). The VCO output, representing a
frequency-modulated signal, is then fed into a monostable multivibrator to generate the
PPM signal. This approach leverages the fundamental relationship between phase, fre-
quency, and pulse position modulation, and directly aligns the modulation process with
the inherent properties revealed in demodulation. The block diagram of this simplified
structure is shown in Figure 11. This method offers an efficient and structurally streamlined
alternative for carrierless PPM generation.

Figure 11. Novel derivative-based PPM modulation using VCO and monostable multivibrator.

4. Performance Analysis
The SNR analyses presented in Equations (38), (43), and (49) characterize the noise

performance of the three demodulation methods under AWGN conditions for carrierless
PPM signals. Since any practical PPM communication system requires one of these de-
modulation methods at the receiver, analyzing their individual performance characteristics
provides essential insights into the overall system performance limits. These analyses are
relevant to the proposed derivative-based modulation technique as follows. The demodu-
lation methods examined—integration, PLL, and FM-PWM conversion—process the PPM
pulse timing information regardless of the generation method used. Consequently, the
fundamental noise conversion mechanisms from amplitude domain to time domain, as
described in Equations (33)–(36), apply to PPM signals generated through our proposed
VCO–monostable multivibrator approach.

The variables in this section retain the same definitions as those previously established.
As these demodulation methods respond to pulse timing and amplitude characteristics
rather than the modulation generation process, the derived SNR expressions remain applica-
ble to the proposed system. However, the VCO and monostable multivibrator components
may introduce their own noise contributions that are not captured in the current analysis.
Therefore, while Equations (38), (43), and (49) provide a theoretical framework for under-
standing the demodulation performance, a complete SNR analysis of the proposed system
would require additional consideration of these factors.

4.1. Error Analysis of Demodulation Using Integration

For the analysis of error values in demodulation using integration, we begin by
comparing the PPM signal with added noise to recover the original PPM signal. When
the PPM signal, combined with noise, is subjected to comparison through zero crossing
detection, the output from the comparison is obtained, as depicted in Figure 12.
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(a)  (b) 

Figure 12. Comparison of the noise signal added to the PPM signals, where v is the PPM voltage
signal, and t represents time. (a) Low slope input, and (b) High slope input.

To illustrate the transmission of noise in the spatial domain to the time–domain
noise, we consider the probability density function (PDF) of additive white Gaussian noise
(AWGN), as shown in Equation (32). In Equation (32), the variance of AWGN denotes σ2

n
and n represents noise. When a noise signal is added to the PPM signal and subjected to
signal comparison at any reference level, or even at a reference level of 0 (zero crossing), the
result will be similar. The magnitude–domain interference that is converted to time–domain
interference varies with the signal slope, where a higher slope results in less interference,
as illustrated in Figure 12.

f (n) =
(

1/
√

2πσ2
n

)
e
− n2

2σ2
n (32)

Following this, let s be the signal slope of the PPM signal, expressed by ∆v
∆t , where

v denotes the PPM voltage signal and t represents time. Given this, the relationship
of the interference transitioning from magnitude–domain interference to time–domain
interference can be expressed by Equation (33). After that, Equation (32) is recast using the
relationship in Equation (33), producing Equation (34).

∆t = ∆v/s → ∆v = n = s∆t (33)

f (∆t) =
(

1/
√

2πσ2
n

)
e
− (s∆t)2

2σ2
n (34)

When the time-shifted PPM signal without a carrier is used to control the integrator
with a reference voltage input of Vr, it influences the initial condition of no. Consequently,
the expression for no, representing the magnitude of AWGN output, is formulated in
Equation (35). With this initial condition, the PDF of no, which is a noise output, is acquired
and mathematically stated in Equation (36).

∫ ∆t

0
Vrdt = Vr∆t = no → ∆t = no/Vr (35)

f (no) =

(
1/
√

2πσ2
n

)
e−(( sno

Vr )2/2σ2
n) =

(
1/
√

2πσ2
n

)
e−((no)

2/2σ2
n(

V2
r

s2 )) (36)
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By calculating the power output from Equation (36), the power of the noise signal

no at the output of the integrator during demodulation is thus equal to NoV2
r

S2 . From the
perspective of PPM as a narrow rectangular positive pulse phase modulation, the maximum
variation angle is less than 2π ≥ kpm(t), where kp is the modulation index and m(t) is
the information signal. If the information signal is fully demodulated, the message signal
power Sm is obtained, as expressed by Equation (37), where a low-pass bandwidth BL is

used along with the low-pass bandwidth BL, and the noise signal is attenuated to BL NoV2
r

S2

Sm = k2
pm2(t) (37)

Once the power of both the information and filter noise signals is acquired, the signal-
to-noise ratio is then calculated and presented in Equation (38).

Sm

N
=
(

k2
pm2(t)

)
/
(

BLNoV2
r

S2

)
=

k2
pS2

V2
r

m2(t)
BLNo

(38)

4.2. PLL Error Analysis

Under the scenario where the phase detector is digital (RS flip-flop), the PPM input
signal passing through the channel is first sent to a comparator. Consequently, the power
of the time–domain noise signal is equivalent to that in integrator demodulation. When
considering the transfer function at the point where the output is the derivative of the
information signal, after the LPF component of the PLL, the transfer function becomes a
BPF, as expressed by Equation (39).

H(S) =
SωLkbϕi(S)

S2Vo(S) + SωLVo(S) + BωLkbkoVo(S)
(39)

If the bandwidth of this BPF is set to BPF, the noise power at the output of the LPF can
be determined by transforming the time–domain noise into angle–domain noise, resulting
in the following expression in Equation (40). When substituting the time–domain and angle–
domain relationships into Equation (40), the PDF of AWGN in forms of the angle–domain
noise is obtained in Equation (41).

∆θ = 2π∆t/T (40)

f (∆θ) =

(
1/
√

2πσ2
n

)
e−(s∆θT)2/2σ2

n(2π)2
(41)

For simplicity, No replaces 2σ2
n . In the same manner as the previous calculation of noise

power, the phase noise power is given by Nθ = No(2π)2/(ST)2. After passing through the
BPF with the bandwidth BPF, the noise power output, NBP, is attenuated and is expressed
by Equation (42).

NBP =
No(2π)2

S2T2 |H(S)|2 =
No(2π)2

S2T2 B
PF

(42)

By using the same information signal mentioned previously, the signal-to-noise ratio
in terms of power is given by Equation (43).

Sm

NBP
=
(

k2
pm2(t)

)
/

(
No(2π)2

S2T2 B
PF

)
=

k2
pS2T2

(2π)2
m2(t)
NoBPF

(43)
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4.3. FM-PWM Error Analysis

Under the same assumptions as the signal-to-noise analysis for both the integrator
control and PLL previously, the PPM signal contaminated with noise is first compared.
This comparison results in a time error ∆t, which in turn causes a frequency disturbance
∆ f , where the relationship is defined by Equation (44).

±∆ f =
1

T ± ∆t
− 1

T
= ∓ ∆t

T(T ± ∆t)
(44)

Under the condition that T is very much greater than ∆t (T ≫ ∆t), ∆ f is approximated
by Equation (45). Then, the PDF of AWGN in terms of the frequency–domain noise is
generated in Equation (46), where Equation (45) is slightly adjusted to be ∆t ∼= ∆ f T2.

∆ f ∼= ∆t/T2 (45)

f (∆ f ) =
(

1/
√

2πσ2
n

)
e−(s∆ f T2)

2/2σ2
n (46)

Subsequently, Equation (28), adapted from Rapeepong et al. [19], is rewritten in
terms of frequency expression aligned with Equation (45) and rearranged, as shown by
Equation (47). This is done to obtain the term of noise signal no. At the same time, the
information signal m(t) is superseded by the noise signal no.

ATp

Ti
= ATpkn0 → ATp∆ f = ATpkn0 → ∆ f = kn0 (47)

After determining the relationship of the noise signal no, the PDF of AGWN in
this quasi-FM-PWM approach is derived by substituting no into Equation (46), result-
ing in Equation (48). The power corresponding to Equation (48) is computed, yielding
NFM−PWM = No

[ST2k]2
.

f (n0) =

(
1/
√

2πσ2
n

)
e−(sT2kno)

2/2σ2
n =

(
1/
√

2πσ2
n

)
e
−(no)

2/( No
[sT2k]2

)
(48)

To gauge the effect of noise, the signal-to-noise ratio using the same PPM information
signal in conjunction with this noise in terms of power is calculated and expressed by
Equation (49).

Sm

NFM−PWM
=
(

k2
pm2(t)

)
/

(
No

[ST2k]2

)
=

S2T4k3k2
pm2(t)

No
(49)

5. Experiments and Results
5.1. MATLAB Simulations
5.1.1. Syntheses of PWM and PPM Signals

To validate the analysis presented in the previous section, this section utilizes com-
puter simulation via MATLAB under an academic license. The synthesis incorporates
components of the PWM signal (see Equation (5)) and the PPM signal (see Equation (9)).

A. PWM Signal Generation and Analysis

The PWM signal generation process utilizes a comparative approach where the input
message signal is continuously compared against a reference sawtooth waveform. This
fundamental technique produces a PWM output where the width of each individual pulse
directly correlates with the instantaneous amplitude of the message signal at the sampling
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moment. This relationship ensures that the analog information content is accurately
preserved within the digital pulse train format, enabling reliable signal transmission and
subsequent recovery. The implementation code for this section can be found in Code S1 of
the Supplementary Materials.

The synthesis results of the PWM signal components are demonstrated in Figure 13,
which illustrates both the modulation process and the demodulation capability. The simu-
lation reveals that the sampled-and-held information signal maintains a direct correspon-
dence with the PWM pulse widths, while the demodulated output successfully reconstructs
the original information signal with minimal distortion. This validates the effectiveness of
PWM as a robust modulation technique for analog signal processing applications.

Figure 13. MATLAB simulation results demonstrating PWM signal generation and demodulation
performance. (a) Comparison between the original information signal (smooth curve) and the
generated PWM signal (pulse train), showing the direct relationship between signal amplitude and
pulse width; (b) PWM signal input and successfully demodulated output signal, demonstrating
effective signal recovery with minimal distortion.

B. PPM Signal Synthesis Through Signal Processing

Building upon the PWM foundation, the PPM signal synthesis employs sophisticated
mathematical operations to convert width-modulated information into position-modulated
pulses. The synthesis process involves the strategic manipulation of delayed and non-
delayed PWM signals, where the temporal relationship between these components deter-
mines the final PPM characteristics. The implementation code for this section can be found
in Code S2 of the Supplementary Materials.
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Figure 14 presents the comprehensive results of this synthesis approach, demonstrating
the subtraction process between delayed and non-delayed PWM signals. The simulation
results reveal a critical insight: as higher harmonic components are incorporated into the
synthesis process, the resulting PPM signal increasingly approaches the ideal theoretical
response. This observation highlights the importance of harmonic content in achieving
optimal PPM signal quality and suggests that bandwidth considerations play a crucial role
in practical PPM system design.

Figure 14. PPM signal synthesis through mathematical manipulation of PWM signals. (a) Original
information signal serving as the modulation reference; (b) Delayed PWM signal (dashed) and
non-delayed PWM signal (solid) used for differential processing; (c) Resulting PPM signal obtained
by subtracting the delayed PWM from the non-delayed PWM, effectively converting pulse width
information to pulse position information.

C. Signal Conditioning and Final Processing

The final stage of PPM signal processing requires careful signal conditioning to ensure
optimal performance characteristics. This involves the systematic removal of reference
pulse components that could introduce interference or bias into the demodulation process.
Additionally, the introduction of appropriate DC offset compensation ensures proper signal
level management throughout the processing chain. The implementation code for this
section can be found in Code S3 of the Supplementary Materials.

Figure 15 illustrates the complete signal conditioning process and its effectiveness in
producing a clean, de-modulable PPM signal. The results demonstrate successful reference
pulse subtraction and DC offset addition, culminating in accurate signal recovery that closely
matches the original information content. This multi-stage processing approach validates the
practical feasibility of PPM implementation in real-world communication systems.

D. Implementation Methodology

The MATLAB implementation provides straightforward visualization and analysis
capabilities for both modulation techniques without requiring complex coding structures
or extensive signal processing operations. This approach enables clear observation of the
modulation processes, facilitating both educational understanding and practical system
development. The simulation results confirm that both PWM and PPM techniques offer
reliable methods for information encoding, transmission, and recovery, with each method
providing distinct advantages depending on the specific application requirements and
system constraints.
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Figure 15. Complete PPM signal processing chain with conditioning and demodulation. (a) Original
information signal for reference comparison; (b) PPM signal after reference pulse subtraction; (c) PPM
signal with reference pulse removed and DC offset added; (d) Successfully demodulated output
signal demonstrating accurate information recovery through the complete PPM processing chain.

5.1.2. Noise Resistance Analysis

Building upon the fundamental PWM and PPM synthesis demonstrated in the previ-
ous section, this section addresses the critical practical consideration of noise immunity
through comparative MATLAB simulation. The analysis specifically examines the robust-
ness of the proposed derivative-based PPM technique when subjected to various noise
conditions, providing quantitative assessment of system performance degradation. The im-
plementation code for this section can be found in Code S4 of the Supplementary Materials.

A. Experimental Configuration and Methodology

The experimental setup employs a derivative-based PPM generation system utilizing
a voltage-controlled oscillator (VCO) with a monostable multivibrator for modulation.
The VCO represents the most noise-susceptible component due to inherent capacitive and
inductive characteristics, making it the logical injection point for noise analysis. The system
parameters were standardized with a 5-Hz sinusoidal input signal at 1 Vpp amplitude,
while the VCO operated at a base frequency of 20 Hz with frequency sensitivity of 1 Hz
per volt. Both the modulation and demodulation monostable multivibrators employed
identical threshold settings of 0.5 V for consistent comparison.

The demodulation process utilizes the Quasi-FM-PWM technique described in
Section 3.2.3, selected for its implementation simplicity and computational efficiency. The
demodulation chain consists of a monostable multivibrator followed by a sixth-order But-
terworth low-pass filter with an 8 Hz cutoff frequency, providing adequate selectivity while
maintaining signal integrity.

B. Noise-free Performance Analysis

Figure 16 demonstrates the complete PPM generation and demodulation chain under
ideal noise-free conditions. The signal processing sequence begins with the original input
signal (first trace) and its mathematical derivative (second trace), which serves as the control
input for frequency modulation. The VCO output (third trace) exhibits clear frequency
variations corresponding to the derivative amplitude, while the monostable output (fourth
trace) produces the desired PPM signal with position-modulated pulses.
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Figure 16. PPM generation and demodulation performance under noise-free conditions. (a) Input
sinusoidal signal (5 Hz, 1 Vpp); (b) Differentiated input signal serving as VCO control; (c) VCO output
with frequency modulation based on derivative amplitude; (d) PPM signal generated by monostable
multivibrator processing of VCO output; (e) Demodulated signal after monostable processing of
received PPM; (f) Final recovered signal following low-pass filtering, representing the reconstructed
derivative of the original input.

The demodulation process, illustrated in traces five and six, shows successful signal
recovery through the Quasi-FM-PWM technique. The monostable processing of the re-
ceived PPM signal (fifth trace) and subsequent filtering produces a demodulated output
(sixth trace) that closely matches the original input signal, demonstrating effective signal
reconstruction under optimal conditions.

C. Noise Impact Assessment

Figure 17 presents identical processing under realistic noise conditions, where additive
noise is introduced at the VCO stage to simulate practical implementation challenges. The
comparison reveals observable degradation in signal quality throughout the processing
chain, with noise propagation affecting both the PPM generation accuracy and demod-
ulation fidelity. Despite the presence of noise, the fundamental PPM structure remains
recognizable, indicating inherent robustness of the position-modulation approach.

D. Quantitative Performance Evaluation

Table 2 provides comprehensive quantitative analysis of system performance across
varying SNR conditions using Pearson correlation coefficients as the primary metric for
signal fidelity assessment. The correlation values compare the recovered signal with the
differentiated input signal, as the demodulation process inherently recovers the derivative
rather than the original input signal. The negative correlation coefficients, ranging from
−0.1505 under severe noise conditions (SNR = −8.4387 dB) to −0.8908 under noise-free
conditions, indicate that the recovered signal exhibits a phase shift relative to the differen-
tiated signal while maintaining strong correlation magnitude, demonstrating successful
derivative signal recovery.
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Figure 17. PPM generation and demodulation performance with VCO noise injection. (a) Input
sinusoidal signal (5 Hz, 1 Vpp); (b) Differentiated input signal serving as VCO control; (c) Noise-
corrupted VCO output showing degraded frequency modulation characteristics; (d) PPM signal
generated from noisy VCO output, exhibiting reduced position accuracy; (e) Demodulated signal after
monostable processing showing noise-induced distortion; (f) Final recovered signal with noise-related
degradation, demonstrating system performance under realistic operating conditions.

Table 2. Quantitative performance analysis of PPM demodulation under varying noise conditions.

SNR Pearson Correlation

No noise −0.8908
−8.4387 −0.1505
−3.0871 −0.6692
1.4888 −0.8291
6.1815 −0.8802

The data reveals that the system maintains reasonable performance even under chal-
lenging noise conditions, with correlation coefficients improving systematically as SNR
increases. Notably, at SNR = 6.1815 dB, the correlation coefficient reaches −0.8802, ap-
proaching the noise-free performance level of −0.8908, indicating effective noise tolerance
within practical operating ranges.

5.2. Experiment of Carrierless PPM Demodulation Using an Integration Method

For the demodulation of carrierless PPM signals, the methods of integration, PLL, and
conversion to quasi-FM-PWM have been implemented using hardware circuits. For the
integration method, the circuit shown in Figure 6 is implemented. In the experiment, a
12 kHz PPM carrier was used with input signals of a 180 Hz sine wave and a 180 Hz triangle
wave as the information signals. The demodulation results are manifested in Figure 18.
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(a) 

(b)

Figure 18. Demodulation results using an integrator circuit: (a) Output of the integrator demodulation
with a 180 Hz sine wave and triangle wave input from conventional PPM signal; (b) Output of the
integrator demodulation with a 180 Hz sine wave and triangle wave input from proposed PPM signal.
(CH1) Information signal (upper line); (CH2) Demodulated output signal using the integrator circuit
(lower line).

5.3. Experiment of Carrierless PPM Demodulation Using a PLL Method

For demodulation using PLL, a PPM carrier frequency of 12 kHz is utilized with a lock
range of 9.6 kHz to 14.1 kHz. The circuit is portrayed in Figure 19. The input information
signals are sine and triangle waves of the same frequency as those used for integrator
demodulation. These signals are first modulated into PPM and then demodulated using
the proposed methods. The demodulation results are shown in Figure 20.

Figure 19. Carrierless demodulating circuit using the PLL technique.
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(a) 

(b)

Figure 20. Demodulation results using the PLL circuit: (a) Output of the PLL demodulation with
sine wave and triangle wave input from conventional PPM modulation signal; (b) Output of the PLL
demodulation with sine wave and triangle wave input from proposed PPM modulation signal. (CH1)
Information signal (upper line); (CH2) Demodulated output signal using the PLL circuit (lower line).

5.4. Experiment of Carrierless PPM Demodulation Using Conversion to Quasi-FM-PWM Signal

For the experiment involving the demodulation of PPM signals without a carrier by
converting them into a quasi-FM-PWM signal, a monostable circuit and an RC lowpass
filter are used, as shown in Figure 21. For this experiment, PPM modulation without a
carrier under the same conditions is experimented like those conducted for the first two
demodulation methods. The experimental results are shown in Figure 22.

Figure 21. Demodulation circuit for carrierless PPM using a monostable multivibrator circuit and an
RC lowpass filter.
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(a) 

(b)

Figure 22. Demodulation results using the approach of conversion to a quasi-FM-PWM signal: (a)
Output of the quasi-FM and PWM demodulation with sine wave and triangle wave input from
conventional PPM modulation signal; (b) Output of the quasi-FM and PWM demodulation with sine
wave and triangle wave input from proposed PPM modulation signal. (CH1) Information signal
(upper line); (CH2) Demodulated output signal using the monostable circuit and LPF (lower line).

5.5. Experiment of Proposed Novel Derivative-Based PPM Modulation Using VCO and
Monostable Multivibrator

For the novel method of generating PPM without a carrier, a differentiator circuit
created using an operational amplifier is employed. The VCO utilizes the IC4046, and the
74LS123 is used as the monostable multivibrator. The circuit diagram is shown in Figure 23.
The experimental results demonstrate a comparison between the traditional method, which
uses a sawtooth wave compared with the information signal and feeds to the monostable
circuit, and the novel proposed method. The comparison is shown in both the time domain
and frequency domain, as illustrated in Figure 24.

Figure 23. Novel proposed circuit for generating carrierless PPM using VCO.
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(a) 

(b)

Figure 24. PPM modulating results: (a) Traditional technique, and (b) Novel proposed approach.

6. Discussion and Analysis of Results
6.1. Non-Ideal Component Analysis

The theoretical analysis presented in previous sections assumes ideal component
behavior. This section examines the impact of practical limitations on system performance
through MATLAB (MATLAB Version R2024b Update 5 (24.2.0.2871072)) simulation incor-
porating non-ideal characteristics of the differentiator, VCO, and monostable multivibrator.
The simulation code for Sections 6.1.1 and 6.1.2 can be found in Code S5 of the Supplemen-
tary Materials.

6.1.1. Practical Limitations of System Components

The simulation employs a 5 Hz sinusoidal input signal sampled at 1 kHz over 1 s dura-
tion, maintaining consistency with the experimental parameters used in Section 5.1.2. The
1 kHz sampling frequency provides adequate oversampling (200:1 ratio) to capture system
dynamics while remaining computationally efficient. Non-ideal parameters are selected to
represent realistic component tolerances: differentiator noise factor of 0.1 reflects typical op-
erational amplifier noise characteristics; VCO phase noise standard deviation of 0.05 radians
corresponds to moderate-quality oscillator specifications; and timing jitter values of 0.001 s
(VCO) and 0.002 s (monostable) represent achievable precision with standard integrated
circuits. The VCO center frequency of 20 Hz with 1 Hz/V sensitivity ensures adequate
frequency deviation range while maintaining linear operation, and the 10 ms monostable
pulse duration provides sufficient resolution for PPM pulse positioning analysis.

A. Differentiator Noise Amplification

The differentiator circuit exhibits inherent high-frequency noise amplification due to
its frequency-proportional gain characteristic. Simulation results demonstrate significant
noise amplification, with measured values of 196.52 dB for a 5 Hz input signal. The
differentiator output SNR degrades to −13.06 dB, indicating substantial noise injection into
the signal path. An examination of various signal frequencies demonstrates performance
degradation that depends on frequency. At 1 Hz, noise amplification reaches 26.80 dB,
whereas at 50 Hz, it decreases to −7.24 dB. This dependency on frequency significantly
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affects the suitability of the differentiator for different message signal bandwidths, with
lower frequencies undergoing more pronounced noise amplification.

B. VCO Phase Noise and Timing Jitter

VCO implementation introduces two primary non-idealities: phase noise and timing
jitter. Simulation results show phase noise RMS of 1.1903 radians and timing jitter standard
deviation of 1.0 ms. These impairments degrade the VCO output SNR to −2.87 dB, repre-
senting significant performance degradation from ideal conditions. Phase noise manifests
as random variations in the VCO output phase, while timing jitter affects the precision of
pulse positioning in the PPM signal. The combined effect reduces overall system correla-
tion from the ideal case, with measured performance showing substantial deviation from
theoretical predictions.

C. Monostable Multivibrator Timing Inaccuracies

The monostable multivibrator exhibits timing inaccuracies characterized by ±2.0 ms
standard deviation for a nominal 10.0 ms pulse duration. This represents 20% relative
timing accuracy, significantly affecting PPM pulse positioning precision. These variations
introduce systematic errors in the pulse position modulation process, degrading demod-
ulation accuracy. Temperature effects, component aging, and supply voltage variations
contribute additional timing uncertainties not captured in the current simulation model.
These factors would further degrade system performance in practical implementations.

D. System-Level Performance Impact

Combined non-ideal effects result in substantial system performance degradation. The
overall system SNR measures −2.88 dB, with Pearson correlation coefficient of −0.1276 for
the non-ideal system compared to −0.4028 for the ideal case. This represents a correlation
loss of 0.2752, indicating significant signal fidelity reduction.

6.1.2. Message Signal Bandwidth and Slew Rate Limitations

A. Differentiator Frequency Response Limitations

The performance of the differentiator varies significantly depending on the charac-
teristics of the input signal. To ensure effective operation, the signal bandwidth should
be restricted to less than fs/10 (100 Hz for a 1 kHz sampling rate), allowing noise levels
to remain within acceptable limits. When signals exceed this bandwidth, they undergo
severe noise amplification, which can overpower the desired signal content. Slew rate
limitations become apparent for high-frequency or rapidly changing signals. The maximum
recommended input signal slew rate is 100 V/s to prevent differentiator saturation and
maintain linear operation. Signals with higher slew rates experience nonlinear distortion
and increased noise sensitivity.

B. Signal Frequency Dependencies

Simulation analysis across test frequencies (1, 5, 10, 20, 50 Hz) reveals optimal perfor-
mance in the low-frequency range. Signal frequencies below 20 Hz maintain reasonable
SNR performance, while frequencies above 50 Hz show improved noise characteristics
but may approach system bandwidth limitations. The maximum derivative amplitude
varies proportionally with frequency, reaching 309.02 for 50 Hz signals compared to 6.28
for 1 Hz signals. This scaling affects VCO sensitivity requirements and system dynamic
range considerations.
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6.2. Discussion and Perspectives
6.2.1. Interpretation of Results

The experimental validation demonstrates successful implementation of both con-
ventional and proposed derivative-based PPM modulation techniques across multiple
demodulation approaches. The MATLAB simulations and hardware implementations
provide comprehensive evidence for the feasibility of carrierless PPM systems in practical
communication applications.

A. Signal Synthesis and Modulation Performance

The MATLAB simulations confirm that both PWM and PPM signals can be synthesized
effectively using mathematical operations on delayed and non-delayed signal components.
The PWM generation demonstrates direct correlation between message signal amplitude
and pulse width, maintaining analog information integrity within the digital pulse train
format. The PPM synthesis through differential processing of PWM signals successfully
converts width-modulated information to position-modulated pulses, with signal quality
improving as higher harmonic components are incorporated.

The derivative-based PPM approach demonstrates favorable performance in the tested
conditions, as evidenced by the VCO-based implementation. The frequency modulation of
the VCO output based on the differentiated input signal produces clear position-modulated
pulses, validating the theoretical foundation presented in Section 3.2.1.

B. Demodulation Method Comparison

Three demodulation techniques were evaluated: integration, PLL, and quasi-FM-
PWM conversion. Each method successfully recovered the original information signals
from both conventional and proposed PPM formats:

• Integration Method: Demonstrated effective signal recovery for both sinusoidal and
triangular waveforms, with the integrator circuit providing consistent demodulation
performance across different signal types.

• PLL Method: Operating with a 12 kHz carrier frequency and 9.6–14.1 kHz lock range,
the PLL successfully tracked frequency variations and recovered the modulating
signals with acceptable fidelity.

• Quasi-FM-PWM Conversion: The monostable multivibrator approach with RC low-
pass filtering showed robust performance, particularly suitable for applications requir-
ing implementation simplicity.

C. Noise Resistance Analysis

The quantitative noise analysis reveals important characteristics of the proposed
system. Under noise-free conditions, the Pearson correlation coefficient of −0.8908 indicates
strong signal recovery fidelity. The negative correlation values reflect the inherent phase
relationship in derivative-based demodulation, where the recovered signal corresponds to
the differentiated input rather than the original signal directly.

Performance degradation under noise conditions follows predictable patterns,
with correlation coefficients ranging from −0.1505 at SNR = −8.44 dB to −0.8802 at
SNR = 6.18 dB. The system maintains reasonable performance even under challenging
noise conditions, demonstrating practical viability for real-world implementations.

D. Clarification of Signal Recovery Characteristics

The experimental results demonstrate that all demodulation methods recover the
derivative of the original message signal, representing the theoretically expected behavior
of the proposed derivative-based PPM technique. This clarifies the conceptual framework
and addresses signal recovery characteristics.
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The negative Pearson correlation coefficients in Table 2 (−0.8908 to −0.1505)
mathematically confirm that recovered signals correlate with the differentiated input
signal, validating successful derivative-based implementation. Visual evidence in
Figures 15–18, 20, 22, and 24 shows consistent phase shifts characteristic of differentiation
operations across all demodulation methods.

This derivative recovery provides system flexibility rather than limitation. Applica-
tions requiring the original signal can incorporate integration stages for signal reconstruc-
tion, while others can directly utilize derivative information for differential processing
applications. The consistency across all three demodulation techniques confirms this char-
acteristic is fundamental to the modulation approach, validating the robustness of the
derivative-based PPM concept.

E. Integration Circuit Implementation

The hardware experiments utilized simple test signals (sine, triangle, and square
waves) with well-defined derivative relationships, allowing direct verification of the deriva-
tive recovery without requiring integration circuits. For sinusoidal inputs, the recovered
cosine signals clearly demonstrate the expected 90◦ phase shift characteristic of differ-
entiation. While integration circuits were not implemented in these experiments due to
the predictable nature of the test waveforms, complex message signals would require
an integration stage following demodulation to reconstruct the original signal from its
recovered derivative. This approach maintains experimental clarity while acknowledging
the integration requirement for practical applications involving arbitrary message signals.

6.2.2. Implications

The experimental work extends beyond basic MATLAB simulation of PWM signals
to demonstrate a novel derivative-based PPM generation technique. While VCO and
PLL implementations are established technologies, their application in derivative-based
carrierless PPM represents a specific contribution to position modulation techniques. A
key innovation is the practical use of a derivative-based framework to generate position-
modulated pulses with reduced circuit complexity.

The comparative analysis between conventional and proposed methods provides
quantitative evidence of system performance differences. The experimental validation
using multiple demodulation approaches demonstrates the robustness and versatility of
the proposed technique across different implementation scenarios.

A. Laboratory-Scale Implementation Considerations

The experimental parameters (12 kHz PPM carrier, 180 Hz information signals) reflect
laboratory-scale validation using available instrumentation and components. This approach
follows established research methodology where proof-of-concept validation precedes
system scaling. The frequency selection ensures adequate separation between carrier and
information signal frequencies while remaining within the operational capabilities of the
test equipment.

The principle demonstrated at these frequencies remains proportional when extended
to higher frequencies suitable for optical wireless communication (OWC) applications. The
fundamental mathematical relationships governing derivative-based PPM generation re-
main valid regardless of operating frequency, with implementation constraints determined
by component specifications rather than theoretical limitations.

B. System Performance Characteristics

The experimental results demonstrate several key performance characteristics:
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1. Modulation Fidelity: Both time–domain and frequency–domain analysis confirm
accurate signal modulation and recovery across different signal types.

2. Implementation Flexibility: Three distinct demodulation approaches validate system
compatibility with various receiver architectures.

3. Noise Tolerance: Quantitative analysis demonstrates acceptable performance degra-
dation characteristics under realistic noise conditions.

4. Circuit Simplicity: Hardware implementation using standard components (op-amps,
VCO IC4046, monostable 74LS123) demonstrates practical feasibility without requir-
ing specialized or expensive components.

C. Design Simplification Rationale

Compared to typical carrierless PPM systems, the proposed architecture adopts a
simplified structure in several specific aspects. First, it reduces the number of active
components by not requiring phase-locked loops, carrier recovery circuits, or digital syn-
chronization elements such as flip-flops. Second, the design relies on RC-defined time
constants and VCO bias control for modulation and demodulation, which can reduce
tuning complexity compared to systems involving loop filter design or digital clock re-
covery. Third, the implementation uses analog building blocks and does not depend on
digital platforms or FPGA-based logic, which may offer practical benefits in scenarios
where a compact circuit layout, ease of implementation, or minimal digital infrastructure
is preferred.

6.2.3. Limitations

A. Frequency Range Constraints

The experimental validation was conducted at laboratory-scale frequencies (12 kHz
carrier, 180 Hz information signals) due to equipment limitations. While the theoreti-
cal framework scales to higher frequencies, practical implementation at OWC-relevant
frequencies requires validation with appropriate high-frequency components and measure-
ment systems.

B. Component Performance Dependencies

The VCO-based implementation exhibits inherent sensitivity to component varia-
tions and environmental factors. Temperature stability, supply voltage fluctuations, and
component aging can affect frequency accuracy and system performance. The noise anal-
ysis focused on additive noise but did not comprehensively address systematic errors
introduced by component non-linearities.

C. Demodulation Phase Relationships

The derivative-based approach inherently recovers the differentiated signal rather than
the original information signal. While this characteristic was quantified through correlation
analysis, practical applications may require additional signal processing to reconstruct the
original waveform, potentially introducing complexity and processing delays.

D. Power Consumption Analysis Gap

The current work does not provide quantitative power consumption analysis. While
the circuit simplicity may suggest potential power efficiency advantages, comparative power
measurements against alternative PPM generation techniques remain to be conducted.
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6.2.4. Future Directions

A. High-Frequency Implementation and OWC Integration

Future work should aim to extend the demonstrated principles to frequencies suitable
for OWC systems by advancing circuit design and system integration. This includes the
development and validation of high-frequency VCO circuits for efficient LED modulation
in the MHz range, optimization of component selection and circuit performance for high-
speed operation, and the integration of LED driver circuits with comprehensive optical
channel characterization.

B. Comprehensive Power Analysis

Quantitative power consumption analysis is necessary to substantiate the claimed
efficiency advantages. This should include comparative power measurements between
conventional and proposed PPM generation techniques, incorporating other state-of-the-
art methods, as well as an evaluation of power consumption across varying modulation
depths and signal frequencies. Furthermore, strategies for optimizing power usage in
battery-operated OWC applications should be developed to enhance system efficiency.

C. Advanced Signal Processing Integration

Enhancing signal processing capabilities could help overcome existing limitations.
This includes implementing adaptive filtering techniques to improve noise resistance,
developing automatic gain control systems to mitigate component variations, and exploring
digital signal processing methods to enhance accuracy and flexibility.

D. System-Level Performance Evaluation

A comprehensive system evaluation should encompass end-to-end testing with LED
transmitters and photodetector receivers, comparative analysis of modulation techniques re-
garding bandwidth efficiency, implementation complexity, and power consumption, as well
as bit error rate (BER) assessment under varying channel conditions. Moreover, simulation-
based evaluation using MATLAB (MATLAB Version R2024b Update 5 (24.2.0.2871072))
should be conducted to benchmark SNR, jitter tolerance, and signal fidelity relative to
conventional carrierless PPM systems.

E. Practical Implementation Optimization

Further development should focus on practical deployment considerations, including
temperature compensation techniques to enhance stability, circuit miniaturization and
integration for improved feasibility, and cost analysis to assess manufacturability for
commercial applications.

These future directions provide a clear pathway for advancing the demonstrated
laboratory-scale proof-of-concept toward practical OWC system implementation while
addressing the limitations identified in the current work.

7. Conclusions
This work introduces a simplified carrierless pulse position modulation (PPM) tech-

nique based on differentiating the input signal prior to modulation. The proposed system
comprises a differentiator, voltage-controlled oscillator (VCO), and monostable multivi-
brator to form a compact analog transmitter that generates a PPM waveform without
requiring a carrier or synchronization reference. This structure was motivated by the obser-
vation that existing carrierless PPM demodulators—whether based on integration, PLLs, or
quasi-FM-PWM methods—consistently yield the derivative of the transmitted message.

Theoretical analysis demonstrated that PPM inherently encodes the derivative of
the signal under various processing schemes. Building on this, the proposed modula-
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tion method intentionally differentiates the message signal at the outset, streamlining
the architecture by aligning modulation and demodulation characteristics. The signal
path and behavior were validated through MATLAB (MATLAB Version R2024b Update 5
(24.2.0.2871072)) simulations and hardware-level circuit experiments. In all tested demodu-
lation configurations, the recovered signals closely match the time-derivative of the input
message, as confirmed by waveform comparison and correlation metrics.

The integration of the output to retrieve the original message was not performed in
this study to ensure alignment with the objective of demonstrating the simplified derivative-
based modulation scheme. This approach also aimed to confirm the consistent recovery of
the signal derivative across multiple demodulation methods. Signal-to-noise ratio (SNR)
analyses for the three demodulator types are presented and shown to be applicable to the
proposed system. The influence of non-ideal hardware characteristics—such as VCO jitter,
differentiator noise amplification, and monostable timing drift—is discussed qualitatively.

Future work will focus on integrating full message recovery, modeling hardware non-
idealities, and benchmarking the system against conventional carrierless PPM approaches.
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and Bandwidth as well as Slew Rate for Section 6.1.
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