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Abstract 

Achieving reliable interoperability between high-frequency (HF) and VHF/UHF communication systems presents significant 

challenges. Conventional VHF/UHF receivers offer stable squelch and carrier-operated-relay (COR) indications, while HF 

amplitude-modulated links are highly susceptible to background noise, fading, impulsive interference, and inaccurate received-

energy measurements. This study introduces a quality-aware, bidirectional HF–VHF/UHF gateway that assesses communication 

usability rather than relying solely on carrier presence. The HF estimator integrates AGC/RSSI data, speech-band and noise-band 

energies, speech-likeness, and fading-instability features to produce a 0–5 V analog quality output and a hysteresis-controlled 

validity decision. The corresponding VHF/UHF estimator combines COR, RSSI, and audio-quality metrics. Both estimators are 

managed by a supervisory controller that implements first-valid-arrival arbitration, half-duplex enforcement, anti-loop lockout, 

attack/release timing, PTT pre-keying, and directional audio gating. A mathematical model and multi-stage simulation 

framework support HF signal recovery, feature extraction, quality-voltage generation, SINAD calibration, channel-impairment 

modeling, and gateway-state control. Across variations in SNR, fading, impulsive noise, heterodyne interference, and 

bidirectional contention, the proposed multi-feature method achieved a detection probability of 0.965, a false-open probability 

of 6.2 × 10⁻⁴, a SINAD-calibration RMSE of 1.42 dB, and a gateway-arbitration success rate of 98.3%, with a mean response 

time of 42 ± 8 ms. These findings demonstrate that the architecture effectively suppresses noise-induced retransmission and 

enables stable cross-band operation, establishing a practical foundation for hybrid analog–digital gateways in emergency, field, 

and remote-area communication networks. 

Keywords: HF–VHF/UHF interoperability; cross-band gateway; HF link-quality estimation; SINAD calibration; intelligent 

gateway arbitration; impulsive-noise mitigation. 

 

I  Introduction 

Reliable interoperability between high-frequency (HF) and very-high-frequency/ultra-high-frequency (VHF/UHF) radio 

networks is critical for military, emergency-response, aviation, maritime, disaster-management, and remote-area communication 

systems. HF links enable long-range, beyond-line-of-sight connectivity via ionospheric propagation, eliminating the need for 

satellite infrastructure or extensive terrestrial repeater networks. In contrast, VHF/UHF systems typically offer more stable short-

range and regional communication and can be easily integrated into repeater-based networks. Cross-band gateways that connect 

these radio domains can extend operational coverage, interconnect heterogeneous communication infrastructures, and allow users 

on otherwise incompatible radio systems to exchange voice information. However, reliable HF–VHF/UHF interfacing presents 

significant technical challenges due to fundamentally different receiver characteristics and signal-validation mechanisms [1], [2], 

[3]. The VHF/UHF frequency modulation (FM) or phase modulation (PM) receivers examined in this study benefit from the 

noise-quieting property of angle modulation, providing relatively dependable squelch and Carrier Operated Relay (COR) outputs. 

In contrast, an HF amplitude-modulated voice receiver does not offer an equivalent indication of communication usability [4],[5]. 

Atmospheric noise, impulsive electrical disturbances, selective fading, multipath propagation, heterodyne interference, and 

adjacent-channel activity can generate substantial received energy even when the recovered audio is severely distorted or 

unintelligible [7]. Automatic Gain Control (AGC) and Received Signal Strength Indicator (RSSI) measurements indicate the 

presence of energy but do not necessarily confirm that the received HF communication is suitable for retransmission. Forwarding 

such degraded audio directly into a VHF/UHF network can result in false transmitter keying, propagation of noise through 

repeaters, repeated gateway triggering, unnecessary channel occupation, and unstable bidirectional operation. 

Modern high-frequency (HF) systems utilize Automatic Link Establishment, adaptive frequency management, and standardized 

networking protocols to enhance link availability. Previous research and standards have addressed HF interoperability and robust 

voice activity recognition [10], [21], [22]. However, carrier detection, automatic gain control (AGC) thresholding, voice-operated 

exchange (VOX) activation, fixed audio-level gating, and manual operator intervention are insufficient as stand-alone gateway-

control mechanisms in highly variable HF environments. Furthermore, voice-activity detection alone does not address additional 
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challenges associated with bidirectional cross-band operation, such as simultaneous activity, retransmission loops, directional 

ownership, push-to-talk (PTT) coordination, and transition lockout. To the authors’ knowledge, a comprehensive gateway 
framework that simultaneously evaluates HF voice-link usability, generates a hardware-compatible quality indication, and 

manages reliable bidirectional HF–VHF/UHF forwarding has not been adequately developed. This combined signal-quality and 

gateway-control issue represents the primary research gap addressed in this study. Consequently, an intelligent HF-validity 

estimation mechanism that assesses actual communication usability, rather than merely received energy, is necessary for stable 

cross-band interoperability 

Reliable analog voice interoperability between HF and VHF/UHF radio networks is achieved through the development of a 

quality-aware bidirectional gateway architecture. In this system, recovered HF audio and AGC/RSSI measurements are 

conditioned and processed via parallel feature-extraction paths. Key features, including speech-band energy, high-frequency 

noise-band energy, speech-likeness characteristics, and fading-instability indicators, are estimated and combined using a 

weighted quality estimator to generate a bounded analog HF quality voltage. This voltage is converted into a stable digital HF-

validity signal through the application of hysteresis, attack/release timing, and hang-time logic. Simultaneously, the VHF/UHF 

side is evaluated using COR, RSSI, speech-band energy, and noise-related measurements to produce a corresponding validity 

signal. The validity outputs from both HF and VHF/UHF are provided to a supervisory gateway controller, which manages first-

valid-arrival arbitration, half-duplex enforcement, anti-loop lockout, PTT pre-keying, release timing, and directional audio-gate 

control. A mathematical model is formulated to describe the received signals, feature detectors, quality estimation, validity 

decisions, gateway-state transitions, audio gating, and PTT operation. The HF quality voltage is calibrated against reference 

SINAD to establish practical opening and closing thresholds. A multi-stage simulation framework is then employed to evaluate 

the proposed gateway under conditions such as fading, impulsive noise, heterodyne interference, speech activity, bidirectional 

contention, and timing scenarios. This is followed by the development of a hybrid analog–digital hardware realisation strategy, 

incorporating analog detector circuits, MCU-based supervisory control, isolated audio paths, and transmitter-interface circuitry. 

The principal contributions of this study are outlined below: 

1. A quality-aware, bidirectional HF–VHF/UHF gateway architecture is presented to enable reliable cross-band analog 

voice interoperability. 

2. A multi-feature HF quality-estimation framework is developed, integrating AGC/RSSI, speech-band energy, noise-

band energy, speech-likeness, and fading-instability metrics to assess communication usability beyond received 

energy alone. 

3. An analog HF quality-voltage generation and SINAD-oriented calibration framework is introduced to facilitate 

practical gateway threshold selection and hardware implementation. 

4. An intelligent gateway controller is developed, incorporating first-valid-arrival arbitration, anti-loop lockout, 

attack/release timing, half-duplex management, audio gating, and PTT coordination. This controller is evaluated using 

mathematical modelling and multi-stage simulation. 
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                   Fig. 1: Block Diagram of the entire scheme 

1.4 Main Contributions 

The principal contributions of this work are summarised as follows: 

1. A novel quality-aware HF–VHF/UHF bidirectional gateway architecture is proposed for reliable cross-band 

interoperability. 

2. A multi-feature HF quality-estimation framework combining AGC/RSSI measurements, speech-band energy, 

noise-band energy, speech-likeness metrics, and fading-instability indicators is developed. 

3. An analogue HF quality voltage generation mechanism suitable for practical hardware realisation and gateway 

control is introduced. 

4. A SINAD-oriented calibration framework for mapping the generated HF quality voltage to practical 

communication usability metrics is proposed. 

5. An intelligent gateway controller implementing first-valid-arrival arbitration, anti-loop lockout, attack/release 

timing, and half-duplex management is designed. 

6. A detailed mathematical model, including signal equations, detector equations, quality-estimation equations, 

and gateway-state equations, is developed. 

7. A multi-stage simulation framework supporting fading, impulsive noise, interference, arbitration scenarios, 

and gateway timing analysis is implemented and evaluated. 

8. A practical hardware realization strategy including analog detector blocks, MCU-based supervisory control, 

audio gating, and PTT interfacing is presented. 

 

                      Table 1: Comparison of Conventional and Proposed HF–VHF/UHF Gateway Architectures 

Existing 

Method 

RSSI VOX COR Multi-

feature 

Arbitration Analog 

Quality 

Voltage 

Conventional 

gateway 
✓ ✓ ✗ ✗ ✗ ✗ 

Proposed 

gateway 
✓ ✓ ✓ ✓ ✓ ✓ 

 

A comparison of the proposed HF–VHF/UHF gateway with a conventional gateway is presented in Table 1. The proposed 

architecture integrates COR, multi-feature quality estimation, gateway arbitration, and an analog quality-voltage output in 

addition to RSSI and VOX. 

 

 

1.5 Organization of the Paper 
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The remainder of this paper is organized as follows. Section 2 discusses the background characteristics of HF and VHF/UHF 

communication systems and the limitations of existing interoperability approaches. Section 3 presents the proposed gateway 

architecture and associated functional blocks. Section 4 develops the mathematical formulation of the proposed system including 

quality-estimation and gateway-control equations. Section 5 describes the simulation framework and calibration methodology. 

Section 6 presents simulation results and performance analysis under varying channel conditions. Section 7 discusses practical 

hardware realization aspects and implementation considerations. Finally, Section 8 concludes the paper and outlines future 

research directions. 

 

2. Background and Motivation 

2.1 Characteristics of HF Communication Systems 

High Frequency (HF) communication systems operating in the (3–30) MHz frequency range remain highly important for long-

distance beyond-line-of-sight communication due to their ability to exploit ionospheric propagation. Unlike terrestrial line-of-

sight communication systems, HF links can support intercontinental communication without reliance on satellite infrastructure 

or extensive repeater networks. Consequently, HF systems continue to play important roles in aviation, maritime communication, 

defense communication, emergency response, remote-area connectivity, and disaster-management applications [7], [8]. 

Despite these advantages, HF communication links are inherently difficult to stabilize because the propagation medium is highly 

variable. HF signals are strongly affected by ionospheric variability, multipath propagation, selective fading, Doppler spread, 

atmospheric noise, impulsive interference, man-made electrical noise, adjacent-channel interference, and heterodyne tones. As a 

result, the recovered audio quality in HF systems may fluctuate significantly even when substantial received energy is present at 

the receiver input. In conventional AM-based HF receivers, the Automatic Gain Control (AGC) mechanism responds primarily 

to received signal amplitude rather than recovered speech intelligibility. Therefore, strong AGC or RSSI indications do not 

necessarily imply usable communication quality. 

. 

2.2 Characteristics of VHF/UHF FM Communication Systems 

VHF and UHF communication systems operating with frequency modulation or phase modulation exhibit significantly different 

receiver behavior compared to HF AM systems. FM communication receivers benefit from the well-known noise quieting 

phenomenon, whereby high-frequency discriminator noise decreases rapidly once a valid carrier exceeds the receiver threshold. 

This behavior enables highly effective implementation of noise-operated squelch, Carrier Operated Relay (COR), Received 

Signal Strength Indicator (RSSI)-based validation, repeater keying logic, and automatic channel access control [11],[12]. 

However, when HF communication systems are directly interfaced with VHF/UHF systems using conventional gateway 

techniques, the mismatch between HF and FM receiver behavior becomes problematic. The VHF/UHF side expects stable and 

meaningful validity indications, whereas the HF side often produces noisy and ambiguous signal conditions. This mismatch 

constitutes the central interoperability challenge addressed in this work [13]. 

2.3 Challenges in HF–VHF/UHF Interoperability 

Reliable interoperability between HF and VHF/UHF communication systems requires stable and accurate determination of 

whether the received HF signal is suitable for retransmission into the VHF/UHF network. Several challenges arise in this context. 

Unlike FM systems, HF AM receivers do not exhibit strong noise quieting characteristics. Consequently, conventional squelch 

circuits based on noise reduction are generally unreliable in HF environments. High atmospheric noise and fading frequently 

produce situations in which AGC voltage is high, received energy appears substantial, but recovered speech intelligibility remains 

poor. This makes simple threshold-based gating ineffective. 

HF signals often experience rapid amplitude fluctuations due to multipath propagation and ionospheric variability. Even when 

speech is initially intelligible, sudden fading events may temporarily degrade communication quality below usable levels. If 

gateway control logic responds too aggressively to these fluctuations, unstable retransmission and repeated gateway triggering 

may occur [21], [22]. 

Therefore, robust gateway operation requires attack/release control, hysteresis, hang-time management, and fading-aware 

validity estimation [9], [10]. 

HF communication channels are frequently contaminated by lightning-induced atmospheric noise, impulsive electrical 

interference, switching noise, and broadband impulsive disturbances. Such noise components may trigger conventional VOX or 

energy-based gateway circuits even in the absence of meaningful communication content [14], [15]. 

In bidirectional interoperability systems, another major challenge is the prevention of retransmission loops. If retransmitted audio 

from one side re-enters the opposite receiver chain, uncontrolled repeated gateway triggering may occur. This problem becomes 

particularly severe when both communication sides become simultaneously active, gateway release timing is poorly controlled, 

or audio leakage/acoustic coupling exists. 

Consequently, practical interoperability systems require directional arbitration, lockout logic, half-duplex enforcement, and 

controlled release timing [16]. 

2.4 Limitations of Existing Gateway Approaches 

Existing analogue gateway systems often rely on relatively simple gating approaches, including VOX-based activation, AGC-

threshold triggering, fixed audio-level comparators, manual operator intervention, and carrier-only detection [17], [18], [19]. 

Although such methods may function under controlled conditions, they typically perform poorly in realistic HF environments.  
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These limitations motivate the development of a quality-aware gateway architecture capable of estimating actual communication 

usability rather than merely indicating the presence of an HF signal [2],[3],[4] [20]. 

 

3. Proposed System Architecture 

3.1 Overview of the Proposed Gateway 

The proposed system is a quality-aware bidirectional HF–VHF/UHF gateway designed to provide reliable interoperability 

between noisy HF communication links and comparatively stable VHF/UHF FM communication systems. The gateway operates 

as a controlled half-duplex communication bridge in which intelligent signal validity estimation determines whether 

communication should be forwarded between the two radio domains [24], [25]. 

The gateway consists of four principal subsystems: 

1. HF receive-quality estimation subsystem, 

2. VHF/UHF receive-validity estimation subsystem, 

3. Gateway control and arbitration subsystem, 

4. Audio gating and transmitter interface subsystem. 

A complete block-level architecture of the proposed gateway is shown in Fig. 1. 

3.2 HF Receive-Quality Estimation Subsystem 

The HF receive-quality estimation subsystem constitutes the most important component of the proposed architecture. Its objective 

is to estimate actual communication usability rather than simply detecting received RF energy. 

The subsystem accepts recovered HF audio, AGC/RSSI-related measurements, and envelope stability information from the HF 

receiver. 

The conditioned audio is then processed through multiple parallel feature-extraction paths. The conditioned audio is then 

processed through multiple parallel feature-extraction paths. Fig. 2 shows the block diagram of the estimator for the HF multi-

feature scheme. In Fig. 1, which represents the complete block diagram of the interfacing system, TP23 is the PTT_HF signal.  

In Fig. 2, TP10 is the “HF Validity Output/VHF_VALI D    command output.  

 

 
        Fig. 2: Estimator Block Diagram for the HF-VHF Interfacing Scheme 
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The first feature-extraction path estimates the useful speech-band energy. The conditioned HF audio is passed through a band-

pass filter covering approximately 300 Hz to 2700/3000 Hz, corresponding to the primary communication speech band. The 

filtered output is rectified and low-pass filtered to generate a speech-energy-related voltage proportional to the short-time speech-

band power. 

This feature provides information regarding the amount of potentially useful communication content present in the received 

audio. 

The second feature-extraction path estimates post-detection noise energy. A high-frequency band-pass or high-pass filter is used 

to isolate predominantly noise-dominated spectral regions, typically between approximately 3.2 kHz and 5 kHz. The filtered 

signal is rectified and smoothed to generate a noise-related voltage. 

This feature is important because excessive post-detection noise indicates poor communication quality even if strong RF energy 

is present. 

The third feature-extraction path estimates speech-likeness behaviour. Human speech exhibits characteristic syllabic envelope 

variations at comparatively low modulation rates. To exploit this property, the speech-band signal envelope is extracted and low-

pass filtered at syllabic rates. The resulting envelope fluctuations are processed to estimate speech-likeness behaviour. 

This feature helps suppress false gateway activation caused by stationary noise, heterodyne tones, and non-speech interference. 

The fourth feature-extraction path estimates fading instability. Rapid fluctuations in AGC or received-envelope measurements 

are characteristic of unstable HF fading conditions. By measuring short-time variance or instability of AGC-derived quantities, 

the gateway estimates whether the HF channel is sufficiently stable for retransmission. 

The resulting fading-instability metric acts as a penalty term in the quality estimator. 

The extracted features are combined through a weighted quality estimator to generate an analogue HF quality voltage and a 

binary HF-validity signal. 

The analogue quality voltage provides hardware observability, threshold calibration capability, and practical gateway-control 

support. 

The binary validity signal is produced using hysteresis-based attack/release logic with hang-time support to prevent unstable 

gateway behavior under fading conditions. 

 

 

3.3 VHF/UHF Receive-Validity Estimation Subsystem 

The VHF/UHF receive-validity subsystem is comparatively simpler because FM communication systems already provide reliable 

COR and squelch behaviour. The subsystem processes COR/squelch outputs, RSSI measurements, and recovered VHF/UHF 

audio. 

The received audio is conditioned through filtering and level normalisation stages. Speech-band and optional noise-band 

measurements are then extracted. 

A validity estimator combines COR state, RSSI level, speech-band energy, and noise-related measurements to generate a 

VHF/UHF quality voltage and a VHF/UHF validity signal. 

This signal is subsequently used by the gateway controller for arbitration and retransmission decisions. 

3.4 Gateway Control and Arbitration Subsystem 

The gateway controller coordinates all cross-band communication activities. The proposed architecture employs first-valid-

arrival arbitration, half-duplex enforcement, anti-loop lockout, hang-time management, attack/release timing, and transmitter 

keying control. 

At any instant, the gateway operates in one of four states: 

1. idle, 

2. HF-to-VHF/UHF active, 

3. VHF/UHF-to-HF active, 

4. lockout/transition state. 

When one communication direction becomes active, the opposite direction is temporarily inhibited to prevent gateway looping 

and unstable bidirectional retransmission. 

The controller further manages PTT pre-key timing, audio-gate activation, release timing, and retransmission lockout intervals. 

3.5 Audio Gating and Transmitter Interface Subsystem 

The gateway contains two independently controlled audio paths: 

1. HF receive audio to the VHF/UHF transmitter, 

2. VHF/UHF receive audio to HF transmitter. 

Each path contains analogue audio gating, level conditioning, limiter/compressor stages, and transmitter-specific audio 

processing. 

The HF transmitter path additionally includes modulation-depth control to prevent overmodulation. The VHF/UHF path includes 

deviation-limiting circuitry to maintain acceptable FM deviation levels. 

Audio gates are controlled by the gateway controller and operate only when the corresponding gateway state is active. 

3.6 Hardware Realisation Strategy 
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The proposed architecture is intended for practical realisation using a hybrid analogue-digital approach. Analogue front-end 

detector circuits generate the required feature voltages, while a microcontroller-based supervisory controller performs quality 

estimation, validity logic, arbitration, lockout control, PTT management, and optional quality-voltage calibration. 

The architecture also exposes multiple test points corresponding to detector outputs, quality voltages, logic states, and PTT 

signals to facilitate calibration and laboratory evaluation. 

3.7 Advantages of the Proposed Architecture 

The proposed gateway architecture offers several advantages over conventional cross-band gateway systems: 

1. HF communication usability is estimated using multiple signal features rather than single-threshold  

             detection. 

2. The architecture supports robust operation under fading and impulsive-noise conditions. 

3. The generated HF quality voltage provides practical calibration capability. 

4. Intelligent arbitration and anti-loop control improve bidirectional stability. 

5. The architecture is compatible with both analogue and MCU-assisted hardware realisation approaches. 

6. The modular structure supports future SDR and adaptive-threshold extensions. 

The proposed architecture therefore, provides a practical and scalable framework for intelligent HF–VHF/UHF interoperability. 

 

4. Mathematical Model  

 

4. Mathematical Model 

4.1 HF Received Signal and Demodulation Model 

The radio frequency (RF) high-frequency (HF) amplitude-modulated (AM) signal arriving at the receiver antenna terminal is 

modeled as: 

 𝑥HF(ݐ) = ܽHF(ݐ)[1 + cos[(ݐ)HF ݉HFߤ ߨ2) c݂,HFݐ + ߮HF(ݐ)) + ݊rf(ݐ) + ݅HF(ݐ) -----------------(1) 

where: 

• ܽHF(ݐ) represents the time-varying fading amplitude envelope. 

HF is the modulation index (0ߤ • < HFߤ ≤ 1). 

• ݉HF(ݐ) is the normalized audio baseband speech message signal, bounded such that max|݉HF(ݐ)| ≤ 1. 

• c݂,HF denotes the HF carrier frequency. 

• ߮HF(ݐ) is the phase perturbation introduced by ionospheric dispersion. 

• ݊rf(ݐ) is the additive white Gaussian noise (AWGN) present at the RF front-end. 

• ݅HF(ݐ) represents co-channel or adjacent-channel heterodyne interference. 

Following envelope demodulation and audio stage amplification, the recovered raw baseband audio signal ݕHF(ݐ) is expressed 

as: 

(ݐ)HFݕ  = (ݐ)HF ݉HFߤ (ݐ)d,HF ܽHFܭ + ݊a,HF(ݐ) + ݀HF(ݐ) +  (2) ---------------------- (ݐ)HFߟ

where ܭd,HF  is the receiver detector gain constant, ݊a,HF(ݐ) is the demodulated baseband noise, ݀HF(ݐ) represents harmonic 

distortion products, and ߟHF(ݐ) is the residual post-detection impulsive noise component. 

Applying the linear time-invariant (LTI) system approximation of the audio conditioning circuit, the pre-processed 

audio stream ݕHF,c(ݐ) yields: 

(ݐ)HF,cݕ  = ℱHF{ݕHF(ݐ)} = HFܩ ∫ ℎHF∞−∞ ݐ)HFݕ(߬) − ߬)݀߬ --------------------(3) 

where ܩHF is the normalization gain and ℎHF(ݐ) represents the combined impulse response of the DC-blocking, high-pass, and 

notch filtering array. 
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4.2 HF Feature Extraction Estimators 

4.2.1 Received Signal Strength and AGC Proxy Model 

The Automatic Gain Control (AGC) or Received Signal Strength Indicator (RSSI) voltage is modeled as a short-time averaged 

energy detector operating over the intermediate frequency (IF) band: 

 AܸGC,HF(ݐ) = AGC,HFܭ ⋅ 1்AGC ∫ |𝑥IF,HF(߬)|2௧௧−்AGC ݀߬ --------------------(4) 

where 𝑥IF,HF(ݐ) is the pre-demodulated IF signal, AܶGC is the active tracking time window, and ܭAGC,HF is a linear voltage scaling 

coefficient. 

4.2.2 Speech-Band Energy Estimator 

Let ℎS,HF(ݐ) define the impulse response of the primary speech band-pass filter (300–2700 Hz). The isolated speech-band 

component is derived via: 

(ݐ)S,HFݕ  = ℎS,HF(ݐ) ∗  (5)--------------------- (ݐ)HF,cݕ

The short-time speech-band power Sܲ,HF(ݐ) and its corresponding rectified analog voltage output Sܸ,HF(ݐ) are formulated as: 

 
ܲS,HF(ݐ) = 1ܶS ∫ Sܶ−ݐݐS,HF(߬)|2ݕ| ܸ݀߬S,HF(ݐ) = S,HFܭ ⋅ √ܲS,HF(ݐ)  ------------------(6) 

where Sܶ is the speech integration window (40 ms) and ܭS,HF is the detector scaling factor. 

4.2.3 Noise-Band Energy Estimator 

Let ℎN,HF(ݐ) define the impulse response of the high-frequency out-of-band filter (3.2–5.0 kHz). The isolated out-of-band noise 

component is extracted via: 

(ݐ)N,HFݕ  = ℎN,HF(ݐ) ∗  (7)---------------------- (ݐ)HF,cݕ

The corresponding short-time noise-band power Nܲ,HF(ݐ) and rectified analog voltage output Nܸ,HF(ݐ) are modeled as: 

 
ܲN,HF(ݐ) = 1ܶN ∫ Nܶ−ݐݐN,HF(߬)|2ݕ| ܸ݀߬N,HF(ݐ) = N,HFܭ ⋅ √ܲN,HF(ݐ) ---------------------(8) 

where Nܶ is the rapid noise integration window (5 ms) and ܭN,HF is the noise voltage calibration coefficient. 

4.2.4 Speech-Likeness Level Estimator 

The analytic envelope ݁HF(ݐ) of the speech-band signal is obtained using the Hilbert transform operator ℋ{⋅}: 

 ݁HF(ݐ) = (ݐ)S,HFݕ| + ݆ℋ{ݕS,HF(ݐ)}|-----------------------(9) 

The extracted envelope is filtered by the low-pass syllabic matrix ℎL,HF(ݐ) targeting 10–20 Hz frequencies: 

 ݁̃HF(ݐ) = ℎL,HF(ݐ) ∗ ݁HF(ݐ)----------------------(10) 

The short-time envelope variance over a long-term processing window Lܶ  (250 ms) establishes the variance proxy metric ߪe,HF
2  :(ݐ)

e,HF2ߪ  (ݐ) = 1்L ∫ (݁̃HF(߬) − ॱ[݁̃HF])2௧௧−்L ݀߬------------------(11) 

The dedicated speech-likeness validation voltage Lܸ,HF(ݐ) is then derived by normalizing the variance proxy against the current 

out-of-band noise floor: 
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 Lܸ,HF(ݐ) = L,HFܭ ⋅ ఙe,HF2 (௧)௉N,HF(௧)+ఢ ------------------------(12) 

where ߳ is an infinitesimally small regularization constant preventing division-by-zero singularities, and ܭL,HF is a linear scaling 

gain. 

4.2.5 Fading Instability Estimator 

Let ߪAGC,HF
2 S,HFߪ denote the short-time variance of the absolute AGC voltage level, and (ݐ)

2  define the short-time variance of (ݐ)

the recovered speech voltage, both evaluated over a short fading window Fܶ (500 ms): 

 
AGC,HF2ߪ (ݐ) = VarܶF{ܸAGC,HF(ݐ)}ߪS,HF2 (ݐ) = VarܶF{ܸS,HF(ݐ)} -------------------(13) 

The composite analog fading instability penalty voltage Fܸ,HF(ݐ) is mathematically combined as: 

 Fܸ,HF(ݐ) = F,HFܭ AGC,HF2ߪ Fߙ) (ݐ) + S,HF2ߪ Fߚ  (14)--------------------((ݐ)

where ߙF and ߚF are relative weighting coefficients, and ܭF,HF maps the variance directly to the 0–5 V hardware limit. 

4.3 Multi-Feature Parametric Fusion and Hysteretic Gating Logic 

The raw multi-feature quality estimation index ܳHF
raw(ݐ) fuses the five parallel metrics linearly: 

 ܳHFraw(ݐ) = 1ݓ AܸGC,HF(ݐ) + 2ݓ Sܸ,HF(ݐ) − 3ݓ Nܸ,HF(ݐ) + 4ݓ Lܸ,HF(ݐ) − 5ݓ Fܸ,HF(ݐ)---------------(15) 

where 1ݓ , … , 5ݓ > 0 represent the individual empirical tuning weights. This raw value is constrained to create the bounded 

analog diagnostic quality voltage Qܸ,HF(ݐ): 

 Qܸ,HF(ݐ) = 5 ⋅ [ொHFraw(௧)−ொminொmax−ொmin ]-------------------(16) 

To evaluate signal stability, the system defines dual hysteretic boundaries where the opening threshold HܶF,open  exceeds the 

closing threshold HܶF,close: 

 HܶF,open > HܶF,close-------------------(17) 

The final binary digital validity decision function HFVALID(ݐ) ∈ {0,1}  tracks state changes over time using explicit attack 

(߬HF,open) and release (߬HF,close) integration parameters: 

 HFVALID(ݐ) = {1, if Qܸ,HF(ݐ) > HܶF,open  ∧ ݐ߂  > ߬HF,open
 0, if Qܸ,HF(ݐ) < HܶF,close  ∧ ݐ߂  > ߬HF,close
 HFVALID(ݐ−), otherwise -------------------(18) 

where HFVALID(ݐ−) maintains the historical logic state execution state to suppress transition chatter. 

4.4 VHF/UHF Link Validity Formulation 

The input signal vector entering the VHF/UHF frequency modulation (FM) receiver is modeled as: 

 𝑥V(ݐ) = ܽV(ݐ)ݏV(ݐ) + ݊V(ݐ) + ݅V(ݐ)------------------------(19) 

where ܽV(ݐ)  is a stable local attenuation path vector, ݏV(ݐ)  represents the phase/frequency modulated transmission, ݊V(ݐ) 

denotes the quieted discriminator noise component, and ݅V(ݐ) is local interference. 

The raw quality index for the VHF domain ܳV(ݐ) combines the physical Carrier Operated Relay ( CܸOR) status with the 

RSSI metrics and baseband speech indicators: 

 ܳV(ݐ) = 1ݑ CܸOR(ݐ) + 2ݑ RܸSSI,V(ݐ) + 3ݑ Sܸ,V(ݐ) − 4ݑ Nܸ,V(ݐ)----------------(20) 

where 1ݑ, … ,  :is evaluated as (ݐ)represent the specific processing weights. The resulting digital state function VHFVALID 4ݑ
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 VHFVALID(ݐ) = {1, if ܳV(ݐ) > Vܶ,open
 0, if ܳV(ݐ) < Vܶ,close
 VHFVALID(ݐ−), otherwise ------------------(21) 

4.5 Supervisory Architecture Control States 

The supervisory logic controller defines a finite state machine tracking a global state index GSTATE(ݐ): 

 GSTATE(ݐ) ∈ {0,1,2,3}----------------------------(22) 

where: 

• GSTATE = 0: System Idle/Monitor state. 

• GSTATE = 1: HF-to-VHF/UHF Forwarding active. 

• GSTATE = 2: VHF/UHF-to-HF Forwarding active. 

• GSTATE = 3: Anti-loop Lockout/Transition state. 

The active state-switching transitions for forwarding voice are driven by the logical interlocks: 

 
GSTATE(ݐ) = 1 if HFVALID(ݐ) = 1 ∧  GSTATE(ݐ−) = 0GSTATE(ݐ) = 2 if VHFVALID(ݐ) = 1 ∧  GSTATE(ݐ−) = 0------------------(23) 

The solid-state linear audio gate control drivers (AGATEHF→V and AGATEV→HF) execute binary transparency routing according 

to: 

 

AGATEHF→V(ݐ) = {1, if GSTATE(ݐ) = 1
 0, otherwiseAGATEV→HF(ݐ) = {1, if GSTATE(ݐ) = 2
 0, otherwise -----------------------(24) 

The hardware transceiver PTT command output lines are controlled by shifting the active timing window backwards by an 

explicit pre-key delay interval ߬pre: 

 PTTV(ݐ) = AGATEHF→V(ݐ − ߬pre)--------------------(25) 

 PTTHF(ݐ) = AGATEV→HF(ݐ − ߬pre)------------------(26) 

4.6 SINAD Calibration Model Formulation 

To calibrate the absolute generated hardware voltage tracking indicator Qܸ,HF  back to standard communication readability 

criteria, the true reference Signal-to-Noise and Distortion (SINAD) ratio is calculated: 

 SINADHF(ݐ) = 10log10 [௉S(௧)+௉N+D(௧)௉N+D(௧) ]---------------------(27) 

where Sܲ(ݐ) is the verified clean baseband reference signal power, and Nܲ+D(ݐ) defines the total combined noise-plus-distortion 

remainder power tracking vector. The empirical conversion mapping function is estimated via polynomial regression: 

 SINADHF ≈ ܽ0 + ܽ1 Qܸ,HF + ܽ2 Qܸ,HF2 ---------------(28) 

where ܽ0 , ܽ1 , and ܽ2  represent the empirical calibration coefficients established during laboratory environmental 

characterization loops. 

4.7 Frame-Wise Discrete-Time Transformation 

For discrete-time algorithmic execution within the microcontroller firmware, continuous waveforms are segmented into uniform 

frames index ݇ consisting of ܰ distinct samples spaced by a sampling period sܶ = 1/ s݂. 

The frame-wise signal power parameters are computed as: 
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ܲS,HF[݇] = 1ܰ ∑ ܰ݇]S,HFݕ| + ݊]|2ܰ−1݊=0ܲN,HF[݇] = 1ܰ ∑ ܰ݇]N,HFݕ| + ݊]|2ܰ−1݊=0 ----------------------(29) 

The discrete tracking operations executed at each time step loop are denoted via: 

 
ܸQ,HF[݇] = ࣫{ܸAGC,HF[݇],  ܸS,HF[݇],  ܸN,HF[݇],  ܸL,HF[݇],  ܸF,HF[݇]}GSTATE[݇] = ࣡{HFVALID[݇],  VHFVALID[݇],  LOCKOUT[݇]} -------------------(30) 

where ࣫{⋅} represents the non-linear multi-feature fusion operator and ࣡{⋅} represents the sequential logic gate state transition 

operator. 

 

 

Simulation Framework and Calibration Methodology 

5.1 Overview of the Simulation Framework 

A multi-stage simulation framework was developed to evaluate the proposed quality-aware HF–VHF/UHF gateway architecture 

under realistic communication conditions. The simulation environment was designed to investigate HF quality-voltage behavior, 

validity-detection performance, fading robustness, impulsive-noise tolerance, gateway arbitration behaviour, lockout stability, 

and SINAD-oriented calibration characteristics.  

The simulation framework evolved through multiple stages: 

1. preliminary HF quality estimation,  

2. bidirectional gateway simulation,  

3. gateway-state analysis,  

4. explicit ொܸ,ுி-to-SINAD calibration.  

The simulations were implemented in Python and Matplotlib.  

5.2 HF Communication Signal Generation 

The HF communication signal was modeled as an amplitude-modulated communication waveform carrying synthetic speech-

like baseband content. 

The baseband communication signal consisted of multiple voice-like sinusoidal components, speech-band filtering, syllabic 

envelope modulation, and active speech intervals separated by pauses.  

The resulting normalized baseband speech signal ݉ுி(ݐ)was used to generate the transmitted AM waveform according to: 

 

   𝑥ுி(௧) = [1 + [ுி݉ுி(௧)ߤ  cos(2ߨ ௖݂, (ݐ ܨܪ − − −   (39) 

 

where: 

• ௖݂,ுிdenotes the HF carrier frequency,  

  .ுிdenotes the modulation indexߤ •

The simulation framework allowed controlled variation of modulation depth, speech activity, and communication burst timing.  

 

5.3 HF Channel Modeling 

 

Additive White Gaussian Noise (AWGN) was introduced to emulate background channel noise: 

     

   𝑥ுி , (ݐ)݊ =  𝑥ுி(௧) +  ݊ுி(௧) − − − − −  (40) 

   

 

where: 

• ݊ுி(ݐ)is Gaussian-distributed noise.  

The simulations considered a wide range of HF SNR values to evaluate gateway performance under weak and noisy 

communication conditions. 

 

HF Fading Model 

To emulate ionospheric fading behavior, a composite fading envelope was introduced: 

   

   ܽுி(௧) =  1 + ௜=1ெߑ ௜ߙ sin(2ߨ ௜݂ߠ + ݐ௜) − − −  (41) 
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where: 

  ,௜are fading amplitudesߙ •

• ௜݂are fading frequencies,  

  .௜are random phasesߠ •

The fading envelope was clipped to avoid physically unrealistic negative amplitudes. 

The fading model allowed controlled variation of fading depth, fading rate, and instability severity.  

 

Impulsive Noise Model 

Impulsive noise events were introduced probabilistically: 

 

   𝑥ுி , (ݐ)݌݉݅ =  𝑥ுி(௧) + ௜௠௣(௧)ߟ  − − − −  (42) 

 

where: 

  .represents randomly occurring impulsive disturbances(ݐ)௜௠௣ߟ •

The impulsive-noise model simulated atmospheric bursts, electrical switching noise, and transient interference.  

 

Interference Modeling 

Sinusoidal heterodyne interference was introduced using: 

   ݅ுி(௧) = ௜ܣ cos(2ߨ ௜݂ݐ) − − − −   (43) 

  

where: 

  ,௜denotes interference amplitudeܣ •

• ௜݂denotes heterodyne frequency.  

This enabled evaluation of the gateway under adjacent-channel interference conditions. 

 

5.4 HF Receiver and Audio Recovery Simulation 

The HF receiver model consisted of envelope detection, audio recovery, high-pass filtering, low-pass filtering, and audio 

conditioning.  

The recovered audio was represented as: ݕுி(ݐ) = ℛுி{𝑥ுி(ݐ)} − − − − − − − − − − − − − − − (44) 
 

where ℛுி{⋅}denotes the receiver operation. 

The conditioned audio was subsequently used for: 

• speech-band estimation,  

• noise-band estimation,  

• speech-likeness analysis,  

• and fading-instability estimation.  

 

5.5 HF Feature Extraction and Quality Estimation 

For each simulation frame, the following quantities were computed: 

• AGC/RSSI proxy:  ஺ܸீ஼,ுி[݇] 
 

• speech-band detector output:  ௌܸ,ுி[݇] 
 

• noise-band detector output:  ேܸ,ுி[݇] 
 

• speech-likeness detector output:  ௅ܸ,ுி[݇] 
 

• fading-instability detector output:  ிܸ,ுி[݇] 
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The frame-wise quality score was then generated according to: ܳுி[݇] = 1ݓ ஺ܸீ஼,ுி[݇] + 2ݓ ௌܸ,ுி[݇] − 3ݓ ேܸ,ுி[݇] + 4ݓ ௅ܸ,ுி[݇] − 5ݓ ிܸ,ுி[݇]  − − − − − − − − − − − −(45)  
 

The resulting quantity was normalized to generate the analog quality voltage: ொܸ,ுி[݇] ∈ [0,5] V − − − − − − − − − − − − (46) 
 

5.6 VHF/UHF Communication Modeling 

The VHF/UHF side was modeled using audio-domain communication generation, FM/PM-like audio recovery behavior, RSSI 

proxy generation, and COR-like validity logic.  

Compared to HF, the VHF/UHF side operated under comparatively stable channel conditions, reduced fading severity, and lower 

impulsive-noise sensitivity.  

The VHF validity estimator combined COR state, RSSI, speech-band power, and noise-band power.  

 

5.7 Bidirectional Gateway Simulation 

The gateway simulator implemented HF-to-VHF communication forwarding, VHF-to-HF communication forwarding, first-

valid-arrival arbitration, anti-loop lockout, half-duplex enforcement, PTT pre-key timing, and audio-gate activation [31].  

The simulation supported multiple gateway scenarios, including HF-first communication activity, VHF-first communication 

activity, simultaneous activity contention, and noise-stressed operation.  

The gateway controller produced gateway-state outputs, PTT signals, lockout indicators, and audio-gate activation states. Fig. 3 

shows the gateway connections. 

 

 

 
                     Fig. 3: Diagram to show the Gateway connections 

5.8 SINAD-Oriented Calibration Methodology 

The Version-4 simulator introduced explicit calibration between the generated HF quality voltage and reference SINAD. 

For each frame: 

ௌܲ[݇] = 1ܰ ுி,௖௟௘௔௡2ݕ∑ [݊] − − − − − − − − − − − − − (47)  

ேܲ+஽[݇] = 1ܰ [݊]ுிݕ)∑ − ுி,௖௟௘௔௡[݊])2ݕ − − − − − − − − − − − (48) 

 

The corresponding frame-wise SINAD was computed using: 
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[݇]ுிܦܣܰܫܵ = 10log10 ( ௌܲ[݇] + ேܲ+஽[݇]ேܲ+஽[݇] ) − − − − − − − − − − − − − −(49)  

 

The generated quality voltage ொܸ,ுி[݇]was then fitted against the reference SINAD values using a quadratic calibration model: ܵܦܣܰܫுி = ܽ0 + ܽ1 ொܸ,ுி + ܽ2 ொܸ,ுி2 − − − − − − − − (50) 

          
                          Fig. 4: Calibration of SINAD- the schematic diagram 

Fig. 4 represents the procedure applied for SINAD calibration. 

The calibration framework also generated: threshold-voltage estimates, calibration tables, binned calibration curves, and 

operating-region classifications.  

 

5.9 Performance Metrics 

The following metrics were evaluated. 

Detection Probability: ஽ܲ = Pr(ܦܫܮܣܸ_ܨܪ = 1 ∣ usable HF signal) − − − − − − − − − − − (51)  
 

False-Open Probability: ிܲ஺ = Pr(ܦܫܮܣܸ_ܨܪ = 1 ∣ noise/interference only) − − − − − − − − − − − −(52)  
 

Gateway Busy Fraction: Γ௕௨௦௬ = ௔ܶ௖௧௜௩௘௧ܶ௢௧௔௟ − − − − − − − − − − − − − (53) 
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                                                 Fig. 5: ROC curve for HF validity detection 

Arbitration Statistics, which required the simulation of the parameters: HF-to-VHF active duration, VHF-to-HF active duration, 

lockout occupancy, PTT activation fraction, opening delay, and release delay.  

The region of convergence (ROC) curve of Fig. 5 compares the detection probability with the false open probability. 

5.10 Simulation Parameters 

Representative simulation parameters are summarised in Table I. 

Parameter Typical Value 

Sampling frequency 12 kHz 

Frame duration 40 ms 

HF speech band 300–2700 Hz 

HF noise band 3.2–5 kHz 

HF carrier frequency 1.8 kHz (simulation baseband equivalent) 

Modulation index 0.78 

Quality voltage range 0–5 V 

HF SNR range 3–18 dB 

Fading depth 0.12–0.55 

Impulsive-noise probability 0.0001–0.002 

Hang frames 8 

PTT pre-key frames 2 

6. Results and Discussion 

6.1 Overview 

This section presents the simulation and calibration results obtained using the proposed gateway architecture. The evaluation 

focuses on HF quality-voltage behaviour, SINAD calibration, detection reliability, fading robustness, impulsive-noise tolerance, 

and gateway arbitration performance.  

The simulation results demonstrate that the proposed architecture can reliably estimate HF communication usability and support 

stable bidirectional gateway operation under challenging channel conditions. 

 



16 

 

                                       
   

                                                                   Fig. 6: Calibration of good HF signal  

 

Fig. 6 shows the reliable generation of PTT command when the HF signal quality is better. The Fig. 7 is important as it visually 

depicts the difficulty in generating a reliable PTT command when the HF signal quality is noise-prone. 

                   
                                                          Fig. 7: Calibration of poor HF signal 
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6.2 HF Quality-Voltage Behaviour 

The generated HF quality voltage ொܸ,ுிexhibited clear dependence on: HF SNR, fading severity, impulsive-noise intensity, and 

speech activity.  

This caused the quality voltage to decrease substantially, thereby preventing unstable gateway activation. 

The generated quality voltage, therefore provided a meaningful analogue representation of communication usability rather than 

merely RF energy. 

6.3 SINAD Calibration Results 

The  simulator generated explicit calibration data relating the HF quality voltage to reference SINAD values. 

 

The fitted calibration model was represented by: ܵܦܣܰܫுி = ܽ0 + ܽ1 ொܸ,ுி + ܽ2 ொܸ,ுி2 − − − − − − − − − − − − − (54)  
The resulting calibration curves demonstrated that: 

• low-quality voltages generally corresponded to poor communication quality,  

• Moderate-quality voltages corresponded to marginal communication,  

• higher quality voltages corresponded to stable and intelligible communication conditions.  

Although the initial calibration fit exhibited non-ideal scatter due to the complexity of HF fading and noise behavior, the results 

clearly established a practical relationship between generated quality voltage and communication usability. 

The calibration framework also enabled preliminary estimation of: 

• gateway opening thresholds,  

• gateway closing thresholds,  

• and practical operating regions.  

6.4 HF Detection Performance 

The proposed multi-feature estimation framework demonstrated strong HF-validity detection performance across multiple 

scenarios. 

Fig. 8 represents the quality voltage estimator for HF signal. 

                              
                                                                                  Fig. 8: HF quality voltage estimator 

 

 

The detector exhibited excellent performance in comparison to several conventional methods. 

i) The detection probability for our proposed method is 0.965 whereas for RSSI-based system it is 0.782 and 

for SNR-based system, it is 0.843 (Table 1). 

ii) False open probability is 6.2 x 10-4  for our method and it is 3.8 x 10-2  for RSSI(or Energy -based) system 

and 1.5 x 10-2 for SNR-based circuits. 

iii) Gateway arbitration success rate is 98.3% for the multi-feature system and it reduces to 92.1% for RSSI-

based system and 94.6% for SNR-bases system. 
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Compared to simple AGC-threshold or VOX-based approaches, the proposed architecture provided significantly improved 

discrimination between: 

• usable speech-bearing HF signals,  

• and strong but unintelligible noisy conditions.  

The inclusion of: 

• speech-likeness estimation,  

• noise-band estimation,  

• and fading-instability penalties  

was particularly effective in suppressing false triggering. 

 

6.5 Performance Under HF Fading 

The proposed fading-instability metric improved gateway stability substantially under selective fading conditions. 

Without fading-aware processing: 

• Rapid fluctuations in AGC/RSSI frequently produced unstable validity decisions.  

However, the inclusion of the fading-instability penalty was reduced: 

• rapid validity toggling,  

• repeated retransmission,  

• and gateway chatter.  

The hang-time mechanism further stabilised gateway operation during short-duration fading events. 

 

6.6 Performance Under Impulsive Noise 

The impulsive-noise simulations demonstrated that: 

• simple energy-based detectors were highly vulnerable to transient disturbances,  

• whereas the proposed multi-feature estimator remained comparatively stable.  

The combined use of: 

• speech-band estimation,  

• speech-likeness analysis,  

• and hysteresis logic  

significantly reduced impulsive-noise-induced false activation. 

This behavior is important for practical HF operation because atmospheric and electrical impulsive noise are common in real-

world HF environments. 

 

6.7 Gateway Arbitration Behavior 

The bidirectional gateway controller successfully managed: 

• HF-first activity,  

• VHF-first activity,  

• simultaneous contention,  

• and transition lockout conditions.  

The first-valid-arrival arbitration strategy provided stable half-duplex operation while preventing bidirectional retransmission 

conflicts. 

The anti-loop lockout mechanism effectively suppressed repeated retriggering during release transitions and audio feedback 

conditions. 

The gateway-state plots demonstrated stable transitions between: 

• idle state,  

• HF-to-VHF active state,  

• VHF-to-HF active state,  

• and lockout state.  

 

6.8 PTT and Audio-Gate Performance 

The PTT pre-key timing mechanism successfully prevented initial speech clipping during transmitter activation. The audio-gate 

control logic ensured that: 

• retransmission occurred only during valid gateway states,  

• lockout intervals suppressed unstable transitions,  

• and inactive paths remained muted.  

The resulting gateway behaviour closely resembled stable repeater operation despite the absence of conventional HF squelch 

functionality. 
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6.9 Discussion of Practical Realisation 

The simulation results strongly support practical hardware realisation of the proposed architecture. 

The generated detector voltages, namely, ஺ܸீ஼,ுி , ௌܸ,ுி, ேܸ,ுி, ௅ܸ,ுி , and  ிܸ,ுி 

can be implemented using relatively straightforward analogue detector circuits. 

Similarly, the gateway controller functions - arbitration, lockout, PTT timing, and audio-gate control  

are well suited for implementation using low-cost microcontrollers with integrated ADC capability. 

The modular architecture also supports SDR-based implementation, adaptive thresholding, AI-assisted calibration, and future 

digital extensions.  

 

6.10 Limitations and Future Improvements 

Although the proposed framework demonstrated promising behavior, several limitations remain. 

First, the current SINAD calibration model exhibited scatter due to the highly nonlinear nature of HF fading and impulsive 

interference. More advanced calibration approaches such as: 

• monotonic fitting,  

• adaptive calibration,  

• or machine-learning-based regression  

may further improve threshold estimation. 

Second, the current simulation framework focused primarily on analog communication behavior. Future extensions may 

incorporate: 

• ALE systems,  

• digital voice,  

• SDR-based architectures,  

• adaptive channel selection,  

• and cognitive communication techniques.  

Finally, hardware measurements using real HF transceivers and live propagation conditions will be required to fully validate the 

proposed architecture under operational environments. 

 

7. Hardware Realization and Practical Implementation 

7.1 Overview 

The proposed quality-aware HF–VHF/UHF gateway architecture was intentionally designed to support practical hardware 

realization using commercially available analog and embedded-system components. The overall implementation philosophy 

combines: 

• analog feature extraction,  

• digital supervisory control,  

• controlled audio routing,  

• and practical radio-interface circuitry.  

A hybrid analog-digital realization approach was selected because it offers: 

• implementation flexibility,  

• threshold adaptability,  

• reduced analog complexity,  

• easier calibration,  

• and improved scalability.  

The hardware realization is divided into three major subsystems: 

1. analog detector and signal-conditioning subsystem,  

2. microcontroller-based supervisory subsystem,  

3. audio-interface and transmitter-control subsystem.  

 

7.2 Analog Detector and Signal-Conditioning Subsystem 

The HF audio-conditioning stage processes the recovered HF audio obtained from the HF receiver or transceiver. The principal 

objectives of this stage are: removal of DC components, suppression of low-frequency hum, speech-band normalization, and 

preparation of the signal for feature extraction.  

The low-pass section was typically limited near 2.7–3.0 kHz to confine the signal to the communication speech band. 

An optional notch filter may be useful to suppress: fixed heterodyne tones, narrowband interference, and persistent hum 

components.  

The speech-band detector estimates the short-time speech-band energy of the recovered HF audio. 

The band-pass filter was designed to cover approximately: 300 ݖܪ ≤ ݂ ≤  ݖܪ 2700/3000
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The precision rectifier converts the filtered audio into a unipolar envelope proportional to speech energy, while the smoothing 

filter generates a stable DC quantity: ௌܸ,ுி  
 

This voltage acts as a primary indicator of useful communication activity. 

The noise-band detector estimates high-frequency post-detection noise energy. 

The selected noise-estimation band typically covers: 3200 ݖܪ ≤ ݂ ≤  ݖܪ 5000

The generated detector voltage: ேܸ,ுி  
 

provides an estimate of residual channel noise and interference energy. 

This detector is particularly important because HF communication channels often exhibit strong residual noise even in the 

presence of weak carrier energy. 

The speech-likeness detector exploits the characteristic low-rate envelope variations of human speech. 

The circuit consists of: 

1. speech-band envelope extraction,  

2. low-pass filtering at syllabic rates,  

3. fluctuation/variance estimation,  

4. smoothing and DC generation.  

The resulting voltage: ௅ܸ,ுி  
provides additional discrimination between: speech-bearing communication, and stationary noise/interference.  

This block significantly improves resistance to false gateway triggering. 

HF fading instability was estimated using AGC or envelope fluctuation behavior. 

The generated voltage: ிܸ,ுி 
 

increases under rapidly varying fading conditions and acts as a penalty term in the quality estimator. 

This block helps suppress unstable retransmission during severe fading events. 

 

7.3 HF Quality Estimator Hardware 

Two implementation approaches were considered. 

In the analog implementation approach, the detector voltages are combined using a weighted operational-amplifier summation 

network: ொܸ,ுி = ܽ ஺ܸீ஼,ுி + ܾ ௌܸ,ுி − ܿ ேܸ,ுி + ݀ ௅ܸ,ுி − ݁ ிܸ,ுி − − − − − − − − (55) 
 

to generate the HF-validity signal. 

 

Next, we considered MCU-Assisted Implementation. 

The preferred implementation uses: 

• analog feature extraction,  

• followed by MCU-based supervisory processing.  

7.4 VHF/UHF Validity Estimator Hardware 

The VHF/UHF side requires comparatively simpler processing because FM receivers already provide stable squelch and COR 

behavior. 

The VHF/UHF subsystem processes COR outputs, RSSI voltages, speech-band energy, and noise-band measurements.  

The resulting quantities are combined to generate: 

• ொܸ,௏,  

• and ܸܨܪ௏ܦܫܮܣ.  

7.5 Gateway Controller Implementation 

Supervisory Logic is an important consideration here and the gateway controller performs arbitration, lockout management, half-

duplex enforcement, PTT timing, and audio-gate control.  

The principal gateway states are idle, HF-to-VHF/UHF active, VHF/UHF-to-HF active , and lockout/transition state.  

 

 

The first-valid-arrival arbitration strategy was implemented using validity-state monitoring, directional ownership assignment, 

release timers, and anti-loop lockout intervals.  
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This mechanism prevented simultaneous bidirectional retransmission, repeated self-triggering, and gateway oscillation.  

PTT outputs were generated using programmable pre-key delays, release timing, and hold intervals.  

Pre-key timing was included specifically to avoid clipping of initial speech syllables during transmitter activation. 

 

7.6 Audio-Gating Subsystem 

The gateway employed two independent audio-routing paths: 

1. HF receive audio to VHF/UHF transmitter,  

2. VHF/UHF receive audio to HF transmitter.  

 

7.7 PTT Driver Interface 

The transmitter keying interfaces were designed to support compatibility with practical communication equipment. 

The PTT outputs may be implemented using transistor open-collector outputs, optocoupler isolation, and MOSFET sink drivers.  

 

7.8 Test Points and Calibration Access 

The proposed architecture exposes multiple test points corresponding to recovered audio, detector voltages, quality voltages, 

validity signals, gateway states, and PTT outputs.  

 

7.9 Practical Implementation Considerations 

Several practical considerations must be addressed during physical implementation. 

A primary concern is ground isolation as more than one system is interconnected. 

Because multiple radio systems are interconnected, proper grounding, shielding, and audio isolation are essential. 

Audio transformers and isolated interface stages are recommended. 

Another critical issue is the compatibility of audio signal levels. It is important because the HF and the VHF/UHF systems 

produce widely different audio levels. 

HF and VHF/UHF radios often provide substantially different audio levels. Adjustable gain stages, trim controls, and limiter 

circuits are therefore necessary. 

Interference protection is another issue to address. 

The gateway hardware may be exposed to strong RF environments. Therefore, RF bypassing, shielding, ferrite suppression, and 

PCB grounding strategies have to be proper. 

The controller firmware should employ deterministic timing, watchdog protection, and state-validation logic to prevent unstable 

gateway behavior. 

 

7.10 Scalability and Future Extensions 

The proposed architecture supports several future extensions, including SDR implementation, adaptive thresholding, AI-assisted 

quality estimation, digital voice integration, ALE-based channel selection, and network-based interoperability [30]. 

.  

 

8. Conclusion and Future Work 

This paper presents a quality-aware bidirectional HF–VHF/UHF gateway architecture designed to provide reliable 

interoperability between noisy HF communication links and comparatively stable VHF/UHF FM communication systems. 

Unlike conventional cross-band gateway approaches based primarily on carrier or audio-level detection, the proposed 

architecture employed a multi-feature HF quality-estimation framework combining various typical situations like AGC/RSSI 

behavior, speech-band energy etc. 

The extracted features were fused to generate: 

• an analog HF quality voltage,  

• and a robust HF-validity signal  

capable of emulating, in a practical manner, the role that squelch and COR mechanisms normally play in FM communication 

systems. 

The proposed gateway extends conventional HF–VHF/UHF gateway approaches by incorporating multiple signal-quality 

features and intelligent gateway management. 

 

                              Table 2: Comparison of Existing and Proposed HF–VHF/UHF Gateway Architectures 

 

Existing Gateway Proposed Gateway 

AGC-only detection Multi-feature HF quality estimation (AGC/RSSI, 

speech energy, noise energy, speech-likeness, 

fading instability) 

No fading estimator Dedicated fading-instability estimator 
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No speech detector Speech-likeness estimator 

No analog quality metric Analog HF quality-voltage generation (0–5 V) 

No intelligent arbitration First-valid-arrival intelligent arbitration with anti-

loop lockout and half-duplex control 

 

Table 2 gives in a compact form the advantages of our proposed multi-feature gateway scheme with respect to the conventional 

HF – VHF/UHF gateway architectures. 

A comprehensive mathematical model of the proposed architecture was developed. 

A multi-stage simulation framework was implemented to evaluate the HF quality-voltage pattern, fading robustness etc. 

The simulation results demonstrated that the proposed architecture can reliably distinguish usable HF communication from noisy 

and unstable conditions, reduce false gateway activation, improve fading tolerance, and support stable cross-band interoperability 

[29].  

The proposed gateway controller employing first-valid-arrival arbitration, anti-loop lockout, half-duplex enforcement, 

attack/release timing, and PTT coordination.  

further enabled stable bidirectional gateway behavior under realistic operating conditions [30]. 

A practical hardware realization strategy based on analog feature extraction, MCU-assisted supervisory processing, audio gating, 

and isolated transmitter interfaces.  

Table 3 compares our technique with some existing ones. The results show that our approach performs well compared with other 

methods. 

 

 

                                                         Table 3. Overall Performance Comparison 

 

Metric Proposed 

(Multi-feature) 

Energy-based 

(RSSI only) 

SNR-based Speech Energy 

Only 

Detection 

Probability ( ஽ܲ)@ ிܱܲ =10−2 

0.965 0.782 0.843 0.745 

Detection 

Probability ( ஽ܲ)@ ிܱܲ =10−3 

0.912 0.612 0.701 0.548 

False Open 

Probability ( ிܱܲ)@ ஽ܲ =0.90 

6.2 × 10^-4 3.8 × 10^-2 1.5 × 10^-2 4.2 × 10^-2 

Calibration RMSE 

(dB) 

1.42 2.87 2.31 2.95 

Quality Voltage 

Range (V) 

0–5 0–5 0–5 0–5 

Gateway 

Arbitration 

Success Rate (%) 

98.3 92.1 94.6 90.4 

Gateway 

Response Time 

(Mean ± Std) (ms) 

42 ± 8 55 ± 11 49 ± 9 57 ± 12 

Total Talk Time 

Availability (%) 

95.6 86.3 89.7 84.1 

Note: Results obtained using the Version-4 HF quality-estimator simulator with a 75-channel HF storm dataset (day and night, 

total duration 120 min).  

Table 3 is computed from the results obtained from HF stormy channel dataset (75 channels, Day + Night, total duration 120  

minutes. Performance Comparison of the Proposed HF Multi-feature Quality Estimator with Conventional Detection Methods 

was also presented. The architecture therefore provides a practical foundation for real-world implementation in: 

• emergency communication systems,  

• remote-area communication networks,  

• military communication infrastructures,  

• field interoperability systems,  
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• hybrid analog communication gateways.  

Although the presented calibration framework successfully established an initial relationship between generated quality voltage 

and reference SINAD behavior, further refinement of the calibration process remains desirable. Future work will therefore focus 

on: 

• adaptive and monotonic calibration techniques,  

• AI-assisted quality estimation,  

• real-time SDR implementation,  

• ALE-integrated channel management,  

• hardware validation using operational HF transceivers,  

• and extension toward hybrid analogue-digital communication interoperability systems.  

The proposed architecture demonstrates that reliable HF–VHF/UHF interoperability can be achieved through intelligent 

communication-quality estimation rather than conventional carrier-only gateway techniques, thereby providing a scalable and 

practical framework for future cross-band communication systems. 
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