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Abstract - Amplitude and frequency modulation, along with the design of oscillators, and tank circuits, are fundamental 

components of communication systems. A critical aspect of frequency modulation is a comprehensive understanding of reactance 

modulators and their operational limitations. In this study, we experimentally investigated the performance of a reactance 

modulator using a Bipolar Junction Transistor (BJT, 2N3904). We analyse the variation of transconductance as a function of the 

base-emitter voltage and demonstrate the linearity of the equivalent capacitance across different input base-emitter voltages. 

Base-emitter voltages varied from 0.5 volts to 0.75 volts, and the corresponding equivalent capacitance of the reactance 

modulator was observed to be 0.35 pF to 4273.34 pF, respectively. Frequency modulation with a 220 kHz carrier signal was 

studied using a Hartley oscillator. The experimental results showcase the effectiveness of employing a BJT as a reactance 

modulator for achieving frequency modulation, highlighting its potential applications in communication systems. 

Keywords - BJT, Equivalent capacitance, Frequency Modulation, Reactance modulator, Transconductance. 

 

1. Introduction 
In the past few decades, the advancement of analog and 

digital communication systems through worldwide has 

continually emphasised the importance of effective 

modulation techniques, which are essential for transmitting 

information efficiently across various media [1-3]. Among the 

different modulation techniques, the basic methods are 

amplitude, frequency, and phase modulations to realise data 

transmission in communication systems, and particularly 

Frequency Modulation (FM) is valued for its resilience to 

noise and its extensive applications in broadcasting, signal 

processing, and telecommunications [4-7]. Edwin Howard 

Armstrong was the pioneer who, in 1933, successfully 

demonstrated FM transmission [8].  

 

Precise and efficient frequency variation is the key factor 

in the generation of FM signals. The basic idea of frequency 

modulation is the change of the resonance frequency of a tank 

circuit composed of a capacitor and an inductor, with the 

variation of the amplitude of the message signal. This requires 

a capacitance that varies linearly with the amplitude of the 

message signal. L. J. Giacoletto, in his work [9], had shown 

the variation of capacitance of a junction semiconductor with 

bias voltage. M.H. Norwood et al. and H. Funato et al. 

discussed the voltage variable capacitor [10, 11]. Varactor 

diode with its properties can be utilized to change the 

capacitance with input bias voltage [12-15]. However there 

are limitations on the use of a varactor diode. This can be 

overcome by using a reactance modulator with its special 

circuitry [16]. 

 

A reactance modulator operates by varying the reactance 

of a circuit to change the frequency of the carrier signal and, 

hence, is particularly effective in generating FM signals [17]. 

Among the various implementations of reactance modulators, 

those utilizing Bipolar Junction Transistors (BJTs) are 

prominent due to the favourable electrical characteristics of 

BJTs, such as high gain, stability, and ease of integration into 

existing circuit designs [18-19].  

 

The utilization of BJTs in reactance modulators takes 

advantage of the transistor’s ability to vary its reactance in 

response to changes in the base-emitter voltage, which in turn 

modulates the frequency of the output signal based on the 

input modulating signal. This modulation mechanism is 

fundamental to generating FM signals with high fidelity and 

precision. In M B Chowdary et al. [20], frequency modulation 

was realized using BJT. However, the variation of equivalent 

capacitance with input voltages, the operating zone of the BJT, 

is essential in the application of the BJT as a reactance 
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modulator in an FM circuit. Colpitts [21] or Hartley oscillators 

[22-23] are commonly used to generate carrier frequencies. 

The basic requirements for their operation include the 

oscillation startup criterion and a stable frequency condition 

to ensure smooth performance [24-26]. In classroom teaching, 

these theories are usually taught in lecture mode, and in 

practical classes, an experimental kit is used to demonstrate 

these fundamental concepts.  

 

In experimental kits, all the components are predefined, 

which leaves very little opportunity to vary the modulating or 

carrier signals. Consequently, users may not observe 

differences, leading to a lack of learning. The analysis 

provided in this study offers valuable insights into the design 

and optimization of reactance modulators and the design of the 

Hartley oscillator, contributing to a deeper understanding of 

FM technology and its ongoing significance in modern 

communication systems.  

 

In this paper, we have experimentally demonstrated the 

FM generation employing a BJT-based reactance modulator. 

Precise and efficient FM was achieved using the Hartley 

Oscillator as a carrier signal generator. We have analytically 

explained the use of BJT as a square-law device.  

 

The linear variation of equivalent capacitance with the 

Base-Emitter voltage has been theoretically and 

experimentally studied. The range of capacitance for different 

feedback capacitors is reported. The variation of 

transconductance in different regions of the transfer 

characteristics of a BJT is experimentally demonstrated.  

2. Theoretical Analysis 
Any sinusoidal signal can be expressed as,  

𝑣 = 𝐴 𝑐𝑜𝑠(𝜔𝑡) 

Where A is the amplitude of the signal and ω is the 

angular frequency. In different modulation methods, such as 

amplitude modulation, the amplitude of the carrier signal 

varies according to the modulating signal where, whereas in 

frequency modulation angular frequency varies with the 

modulating signal. In amplitude modulation, the amplitude is 

transformed as 

𝐴 = 𝑉𝑐 + 𝑉𝑚cos𝜔𝑚𝑡 = 𝑉𝑐 (1 +
𝑉𝑚
𝑉𝑐
cos𝜔𝑚𝑡) 

 

     Where, 𝑣𝑚 = 𝑉𝑚cos𝜔𝑚𝑡 is the modulating signal, and Vc 

is the amplitude of the carrier signal. In Frequency 

modulation, the angular velocity (ω) of the carrier signal 

varies according to the amplitude of the modulating signal  
 

𝜔 = 𝜔𝑐 + 𝑘𝑓𝑉𝑚cos𝜔𝑚𝑡 

 
Where, 𝑘𝑓𝑉𝑚 is the degree of frequency variation 

proportional to the modulating amplitude. Thus, the 

modulated signal will be  

𝑣 = 𝑉𝑐cos (𝜔𝑐𝑡 +
𝑘𝑓𝑉𝑚

𝜔𝑚
sin𝜔𝑚𝑡) = 𝑉𝑐cos(𝜔𝑐𝑡 +

𝑚𝑓sin𝜔𝑚𝑡),  𝑚𝑓 =
𝑘𝑓𝑉𝑚 2⁄ 𝜋

𝑓𝑚max
=

𝛥𝑓max

𝑓𝑚max
 

 
The frequency deviates from the centre frequency in 

proportion to the amplitude of the modulating signal. Using 

mathematical analysis, the modulated signal can be 

represented as  

𝑣 = 𝑉𝑐{𝐽𝑜(𝑚𝑓)cos𝜔0𝑡 − 𝐽1(𝑚𝑓)[cos(𝜔0 −𝜔𝑚)𝑡 −

cos(𝜔0 +𝜔𝑚)𝑡] + 𝐽(𝑚𝑓)[cos(𝜔0 − 2𝜔𝑚)𝑡 + cos(𝜔0 +

2𝜔𝑚)𝑡]..}                                                                      [5] 

 

Where Jn, coefficients of Bessel functions of the first kind 

and order n. 

 

Thus, a frequency-modulated wave has a centre 

frequency 𝑓0 = 𝜔02𝜋 and an infinite set of side frequencies, 

each pair spaced by an amount equal to the modulating 

frequency and its integral multiples. 

 

2.1. Block Diagram of FM 

An FM signal can be realised by varying the capacitance 

of a tuned oscillator. The variation of the capacitance must be 

according to the modulating signal, i.e. vary linearly with the 

control voltage. The schematic diagram of a frequency-

modulated signal is shown in Figure 1. 

 

 
Fig. 1 Block diagram of frequency modulation 

The modulating signal is fed into the reactance modulator, 

and the equivalent capacitance of the reactance modulator 

changes according to the modulating signal. The output of the 

reactance modulator is connected to the oscillator. The 

transistor-based or FET-based voltage-biased reactance 

circuits are often used in frequency modulation as an effective 

method for varying frequency in accordance with the message 

signal. 

 

2.2. Transistor-Based Reactance Modulator 

In this study, the variation of the capacitance of a 

reactance modulator is studied so that this reactance modulator 

can be used as a voltage-dependent capacitor for frequency 

modulation and demodulation.  

 

This includes a proper understanding of impedance, the 

range of capacitance variation, and the range of voltage 

variation to be applied. The schematic diagram of the 

reactance modulator based on the BJT transistor (2N3904) is 

shown in Figure 2. 
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Fig. 2 Schematic diagram of reactance modulator using BJT transistor 

In this scheme, the reactance modulator is in common-

emitter mode. Two resistors, one in base to emitter (R1) and 

the other in collector to base (R2), provide the required biasing 

for the transistor. Condition for reactance modulator is 

fulfilled by employing a capacitor in between collector and 

base of the transistor known as feedback capacitor (Cf) and a 

resistor in between base to emitter resistor (R4) known as 

emitter feedback resistance. Two capacitors, C1 and C4, are 

used as coupling capacitors, and C3 R3 are bypass capacitors 

and emitter feedback resistors, respectively. 

 

In a transistor, the relation between collector current (IC) 

and base-emitter (VBE) voltage is 

 

𝐼𝐶 = 𝐼𝑆(𝑒
𝑉BE/𝑉𝑇 − 1)                         (1) 

 

Where IS, Saturation current, and VT is the Thermal 

voltage. Equation 1 shows that the collector current varies 

exponentially with the base-emitter voltage (VBE), and its 

experimental verification is shown for 2N3904 BJT in Figure 

3 with exponential fitting (red line).  

 

 
Fig. 3 Transfer characteristics of the transistor (IC vs VBE). 

     Introduction of the AC signal voltage to the input of the 

transistor, the expression for collector current, Equation 1, 

becomes 

𝐼𝐶 = 𝐼𝑆(𝑒
(𝑉BE+𝑉𝑎)/𝑉𝑇 − 1)               (2)  

     where Va is the effective change in base-emitter voltage due 

application of the input AC signal. 

     From elementary algebra, 

exp(𝑥0 + 𝑥) = 1 + (𝑥0 + 𝑥) + ⋯ 

Thus, after the expansion of equation 2, it becomes 

 

𝐼𝐶 = 𝐼𝑆 (1 +
𝑉BE + 𝑉𝑎

𝑉𝑇
+ (

𝑉BE + 𝑉𝑎
𝑉𝑇

)
2 1

2!
+
1

3!
(
𝑉BE + 𝑉𝑎

𝑉𝑇
)
3

...

− 1) 

After rearranging, the expression becomes

 

𝐼𝐶 = 𝐼𝑆 (1 +
𝑉BE + 𝑉𝑎

𝑉𝑇
+ (

𝑉BE
2 + 2𝑉BE𝑉𝑎 + 𝑉𝑎

2

𝑉𝑇
2 )

1

2!

+ (
𝑉BE
3 + 3𝑉BE

2 𝑉𝑎 + 3𝑉BE𝑉𝑎
2 + 𝑉𝑎

3

𝑉𝑇
3 )

1

3!
…

− 1) 

or 

𝐼𝐶 = 𝐼𝑆 (𝑉𝑎 (
1

𝑉𝑇
+
2𝑉BE

𝑉𝑇
2

1

2!
+
3𝑉BE

2

𝑉𝑇
3

1

3!
+ …)

+ 𝑉𝑎
2 (

1

𝑉𝑇
22!

+
3𝑉BE

𝑉𝑇
3

1

3!
+ …) + …..

+ (
𝑉BE
𝑉𝑇

+
𝑉BE
2

𝑉𝑇
22!

+ …)) 

 

or 

𝐼𝐶 = 𝐼𝑆(𝑉𝑎𝐴 + 𝑉𝑎
2𝐵 + .... + 𝐾)                (3)  

 

      Where, 𝐴 = (
1

𝑉𝑇
+

2𝑉BE

𝑉𝑇2

1

2!
+

3𝑉BE
2

𝑉𝑇
3

1

3!
+ ...) 𝐵 = (

1

𝑉𝑇
22!

+

3𝑉BE

𝑉𝑇
33!

+ ...)  and  𝐾 = (
𝑉BE

𝑉𝑇
+

𝑉BE
2

𝑉𝑇
22!

+ ....)            

VBE is constant for a particular biasing arrangement of the BJT, 

and VT also remains constant in thermal equilibrium. Hence, 

A, B, and K are constants.Equation 3 expresses the variation 

of collector current with base-emitter voltage. By judicial 

choice of VBE, the collector current (IC) can be a second-order 

polynomial of Va and can be utilized as a square law device. 

Differentiating equation 3 with respect to Va  

𝑔𝑚 =
𝜕𝐼𝐶

𝜕𝑉𝑎
= 𝐼𝑆(𝐴 + 2𝑉𝑎𝐵 + ....)            (4) 

     where gm is the transconductance of the BJT. Thus, the 

transfer characteristic follows an exponential variation with 

the base-emitter voltage. If the base-emitter junction is biased 

in such a way that the collector current, which is a function of 

base-emitter voltage, obeys equation 3, then in this particular 

operating region, the transfer characteristic follows a square 

law and the transconductance, gm, of the transistor, varies 

linearly with the applied base voltage as expressed by equation 

4 and shown in Figure 4. 
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Fig. 4 The graph of transconductance vs base-emitter voltage (Va) for 

different regions. 

     Thus, the reactance modulator exploits the piecewise 

square law behaviour of a transistor transimpedance. As a 

whole, the transfer characteristic of a BJT follows an 

exponential rise, but this can be treated as a piecewise square 

law behaviour. For a particular region, the I-V characteristic is 

approximated as a square law behaviour to a sufficient 

accuracy. The square law behaviour of I-V leads to the linear 

behaviour of transimpedance. 

 

     The nature of the graph, Figure 4, reveals that the graph is 

piece-wise linear, and the value of the transconductance 

depends on the region of choice of the base-emitter voltage. 

The equation of the graph for any such region can be 

expressed as 

gm = mVa + c                     (5) 

     where ‘m’ is the slope of the line at the corresponding 

region and ‘c’ is the intercept point. If the DC biasing of the 

transistor provides DC base-emitter voltage VBE and an ac 

input signal, V0 sin(wt), is applied as shown in Figure 2, then 

the total base-emitter voltage becomes 

Va = VBE +kV0 sin(wt). 

     Where ‘k’ is the fraction of the voltage that is fed into the 

base point. Thus, the expression of the transconductance, 

equation 5, becomes 

gm = m (VBE +kV0 sin(wt)) + c. 

 

and the equivalent capacitance of the device becomes 

 

Ceq = gmCf R4              (6) [4] 

     Where Cf and R4 are feedback capacitance and emitter 

feedback resistance, respectively, thus, from the above 

analysis, it is found that depending on the region of operation, 

i.e., VBE and the input signal, the value of gm and hence the 

equivalent capacitance varies linearly with the input signal. 

Figure 5 shows the variation of capacitance with DC-bias 

voltage for three different feedback capacitors. 

 
Fig. 5 Equivalent Capacitance of BJT vs applied DC-bias voltage for 

feedback capacitors 100 pF, 150 pF, and 210 pF. 

     In the case of the varactor diode (NTE 618), the variation 

of capacitance with DC bias is shown in Figure 6. The 

capacitance variation of the varactor diode with DC bias 

voltage is nonlinear, while the transconductance, hence the 

equivalent capacitance of the BJT, is also not linear over the 

whole region.  

In the range of 1 volt to 5 volts, Cmax is 512 pF, and Cmin 

is 93 pF; hence, the capacitance ratio is (Capacitance ratio 

=Cmax /Cmin) is 5.5, while in the case of BJT, the capacitance 

ratio for different regions of base-emitter voltage is different, 

as shown in Table 1. The value of Cmax and Cmin of the BJT-

based reactance modulator can be varied by changing the 

feedback capacitor. 

 
Fig. 6 Equivalent Capacitance of Varactor Diode vs applied DC-bias 

voltage 
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2.3. Transfer characteristics for FET(BS170) 

 

 
Fig. 7 (a) Change in drain current with Gate-Source voltage of 

FET(BS170), (b) Variation of transconductance with Gate-Source 

voltage of FET(BS170) 

 

Figures 7(a) and 7(b) represent the drain current vs Gate-

Source voltage and transconductance vs Gate-Source voltage, 

respectively, for BS170 MOSFET. In Figure 7(a), the nature 

of the graph shows that up to the drain current 175 mA, the 

device remains as a square-law device, and hence, the 

transconductance varies linearly with the Gate-Source voltage 

as shown in Figure 7(b). Therefore, using FET in a reactance 

modulator, the equivalent capacitance of the device will be 

linear to the input voltage.  

 

Hence, the key point of capacitance variation with respect 

to the applied voltage to the base is the nonlinearity of the 

transfer characteristic of a BJT or FET. Figures 8(a) and 8(b) 

show variations of system capacitance with DC-bias voltage 

for FET and BJT, respectively. The standard deviation of Cp 

of FET is 301.209, and of BJT is 76.256; thus, BJT is more 

linear with input voltage than FET. 

 
 

 
Fig. 8 Variation of equivalent capacitance with DC-bias voltage for 

(a)FET, (b) BJT 

3. Results 
3.1. The Linear Variation of Equivalent Capacitance with 

the Base-Emitter Voltage 

The equivalent capacitance of the reactance modulator, 

Figure 9, was measured using a precision LCR meter (Tonghui 

make model TH2829A). The input AC signal was 100 milli 

Hz and Vpp 2V.  

 

The frequency of the LCR meter for this measurement 

was kept at 300 kHz. The feedback capacitance and emitter 

feedback resistance were 104.5 pF and 112.7ꭥ, respectively. 

The variation of equivalent capacitance is shown in Figure 9 

for VBE 0.69 V. It was found that the equivalent capacitance 

was nicely sinusoidal according to the input sinusoidal signal. 

Thus, the linearity between input and output was observed. 
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Fig. 9 Output of the LCR meter, equivalent capacitance for base-emitter 

voltage 0.69 V 

3.2. Analytical Verification of Linearity between Input and 

Output and Equivalent Capacitance Calculation 

       Figure 10(a) shows the output of the function/arbitrary 

waveform generator (Siglent make, model SDG 810), which 

is the input signal to the reactance modulator. The peak-to-

peak voltage of the signal was 2 V. The corresponding 

variation of equivalent capacitance from the machine data of 

the LCR meter is shown in Figure 10(b).  

 

In this case, VBE was 0.65 V. Figure 10(c) shows the point-

to-point variation of equivalent capacitance with the given 

input voltage. The straight-line graph confirms the linearity 

between the input voltage and the corresponding equivalent 

capacitance.  

 

From Figure 10(c), at the ‘0’ input voltage, the equivalent 

capacitance is approximately 430 pF. The base-emitter voltage 

of this experiment was 0.65 volts, and the corresponding 

transconductance from Figure 4 is approximately 34.5 mS. 

 

 

 

 

 
Fig. 10 (a) Variation of input voltage with time, (b) Variation of 

equivalent capacitance with time, (c) Graph for the variation of 

Equivalent capacitance with input voltage. 

     So, the calculated equivalent capacitance according to 

equation 5 is,   

 

Ceq = 34.5×10-3×104.5×10-12×112.7=406.31 pF 

 

This is an excellent confirmation, considering the 

instrumental error. 
 

The variation of equivalent capacitance for different 

regions in the transfer characteristics of the BJT for the 

feedback capacitance, 104.5 pF, and emitter feedback 

resistance,112.7ꭥ, is depicted in Table 1. 

 

3.3. Variation of Equivalent Capacitance with Different 

Input Voltages 

The variation of equivalent capacitance for a 500 mV to 

3 V (peak to peak) input signal is shown in Figure 11. For the 

base-emitter (VBE) voltage 0.70 V, it was found that the 

variation of equivalent capacitance was the exact replica of the 

input voltages, i.e., varying linearly with the input AC signal.

VBE = 0.69 V 
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Table 1. Variation of capacitance with Base-Emitter Voltage 

  

          

     
Fig. 11 Equivalent capacitance for input voltages(peak-peak) (a)0.5 v (b)1 v (c) 1.5 v (d) 2 v (e) 2.5 v (f) 3 v. 

Table 2. Variation of equivalent capacitance with input voltages 

 1 Vpp 2 Vpp 3 Vpp 4 Vpp 5 Vpp 6 Vpp 7 Vpp 8 Vpp 9 Vpp 10 Vpp 11 Vpp 12 Vpp 

Cp(pF) 

(mini) 

494 

 
482 472 447 426 414 395 382 370 361 346 332 

Cp(pF) 

(max) 
787 810 825 857 831 840 856 873 897 905 925 938 

 

Table 2 shows the change in equivalent capacitance with 

input voltages for feedback capacitance 100.2 pF and emitter 

feedback resistance 96ꭥ. Figure 12 depicts the capacitance 

ratio with input voltage, with a standard deviation of 0.3975, 

which conforms to its linearity. The maximum and minimum 

values of the capacitance can be altered by varying feedback 

capacitance and emitter feedback resistance.

Base-Emitter 

Voltage 

(Va in Volt) 

Capacitance (pF) 

Min 

Capacitance (pF) 

Max 

Difference 

(Max-Min) 

Capacitance Ratio 

(Cmax/Cmin) 

0.5 to 0.55 0.35 9.18 8.83 26.2 

0.56 to 0.60 9.30 64.77 55.47 6.96 

0.61 to 0.65 7.49 406.31 398.82 54.83 

0.66 to 0.70 472.75 2330.11 1857.36 4.92 

0.71 to 0.75 3062.88 7336.22 4273.34 2.39 
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Fig. 12 Capacitance ratio for different Input Voltages 

3.4. Experimental Arrangement for Harley Oscillator 

   

 
Fig. 13 Experimental diagram of the Hartley Oscillator. 

The experimental arrangement of the Hartley Oscillator is 

shown in Figure 13. The tuned circuit consists of a capacitor 

of capacitance 2.206 nF and two inductors with inductance of 

154 µH and 5.2 µH, as shown in the figure. The output of the 

oscillator is shown in Figure 14. 
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Fig. 14 Output of the Hartley Oscillator 

It is observed that the frequency is approximately 260 

kHz for different DC bias voltages, which confirms the 

frequency stability of the oscillator. The amplitude of the 

signal at DC bias volt 5V, 6V, 7V, 8V, 9V, 10V are 8.2V, 9.4V, 

0.7V, 13.1V, 14.1V and 14.3V respectively. 

3.5. Experimental Arrangement for Frequency Modulation 

Figure 15 shows the circuit diagram for frequency 

modulation. The equivalent capacitance of the reactance 

modulator using 2N3904 BJT changes linearly according to 

the input AC signal. This varying capacitor was fed into the 

tuned oscillator at points A and B (Figure 15), and frequency 
modulated output was observed.  

 

The Hartley oscillator was used for the carrier signal. In 

this experiment, the tuned circuit of the Hartley oscillator was 

composed of a capacitor with a capacitance of 2.25 nF and two 

inductors with inductance L1 = 240 µH and L2 = 4.1 µH. 

5V 

7V 

6V 

8V 

9V 10V 



Binoy Das et al. / IJEEE, 12(5), 164-175, 2025 

173 

 

 
Fig. 15 Experimental arrangement of frequency modulation. 

Fig. 16 Experimental setup of frequency modulation

The oscillation frequency of the tuned circuit of the 

Hartley Oscillator was  

1

2𝜋√LC
≈ 220 kHz 

Where L = L1 + L2 and C is the capacitance of the tuned 

circuit of the Hartley Oscillator. Thus, the Hartley Oscillator 

oscillates at 220 kHz and this signal was modulated by the 

input AC signal. The AC signal was fed into the reactance 

modulator circuit through a transformer, which has primary 

winding with an inductance of 10.65 mH and secondary 

winding with an inductance of 258.9 mH. The reactance of the 

primary winding for 10 kHz was 669.6ꭥ, while the same for 

the secondary was 488.01 kꭥ. Thus 10 kHz AC signal can 

easily be passed through the primary winding, but the 300 kHz 

(LCR meter measurement frequency was 300 kHz) signal was 

blocked by the secondary winding. The coupling capacitor at 

point A (Figure 15) was used at 1µF because, at 300kHz, the 

reactance of the coupling capacitor is 0.53ꭥ, which is quite 

low. The output of the FM modulation is shown in Figure 17. 

The output of the spectrum analyzer (Agilent n9320b) of the 

FM signal modulated by a 10 kHz input signal in the 

frequency domain is shown in Figure 17(a), while in Figure 

17(b), the FM signal is in the time domain (From Digital 

Storage Oscilloscope KEYSIGHT DSOX1204G) 
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Fig. 17 Output diagram of frequency modulated signal in frequency domain (a) In frequency domain, (b) In time domain. 

4. Conclusion 
The experimental investigation into the performance of a 

BJT as a reactance modulator has yielded promising results. It 

was observed that the BJT could be effectively utilized as a 

square-law device within the base-emitter voltage range of 0.5 

V to 0.75 V. Within this range, the equivalent capacitance of 

the reactance modulator was linear with the input voltage, 

which is crucial for achieving optimal performance in 

frequency modulation applications. Moreover, this range 

allows the reactance modulator’s output to be fed into a 

Hartley oscillator, facilitating efficient frequency modulation. 

Experimental observations of frequency modulation in both 

the time and frequency domains further confirm the viability 

of using BJTs as reactance modulators. The observed range of 

capacitance variation with input voltage for different feedback 

capacitors reveals its potential for effectively tuning the 

modulation index in FM modulation applications. These 

findings enhance our understanding of modulation techniques 

and pave the way for improved design and implementation of 

advanced communication systems. 
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