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Abstract

This article contributes to the advancement of both the theory and practice of radio emission source (RES)
direction finding (DF) systems and panoramic spectrum analysis methods. The practical significance of this work
is in demonstrating how different panoramic spectrum analysis methods can be implemented on popular SDR
platforms, and how hardware artifacts can be compensated for to improve the accuracy and performance of radio
emission source detection. Radio emission source direction finding is a critical technology in various applications,
including wireless communication, navigation, and surveillance. With the advent of software-defined radio
(SDR) platforms, radio emission source direction finding has become more accessible and cost-effective. However,
SDR-based DF systems often suffer from hardware artifacts that can degrade the accuracy of direction estimation,
as well as limited bandwidth, which makes it difficult to determine the angular position of a radio emission
source with unknown frequency. In this paper, fast computational methods for panoramic spectrum analysis with
hardware artifacts compensation for SDRs are being proposed. The article compares the performance, efficiency
and accuracy of different panoramic spectrum analysis methods for 2 of the most popular SDR platforms with
wide range on the market: HackRF One and bladeRF micro 2.0.
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1. Introduction

Radio emission source (RES) direction finding (DF) remains a cornerstone technology in modern radio
engineering [1, 2], with applications ranging from civil aviation navigation aids and search-and-rescue
operations to spectrum monitoring, electronic warfare and counter-unmanned-aerial-system (C-UAS)
defense [3, 4, 5]. Traditional DF installations have historically relied on purpose-built, narrow-band
receivers tuned to a known frequency of interest. Such systems offer high sensitivity and angular
accuracy, but they are expensive, inflexible and ill-suited to scenarios in which the carrier frequency
of the target emission is unknown a priori or changes rapidly, as is increasingly common with agile
communication waveforms, frequency-hopping radios and consumer-grade drone control links.

The rapid maturation of software-defined radio (SDR) over the last decade has substantially lowered
the entry barrier for both research and operational DF systems [6, 7, 8, 9, 10, 11]. General-purpose
SDR front-ends such as the HackRF One and the bladeRF micro 2.0 provide hundreds of megahertz
of tuning range, configurable sample rates and an open software stack at a price point that makes
multi-channel and distributed DF architectures economically viable. At the same time, these affordable
platforms inherit the limitations of their consumer-oriented analogue front-ends and low-cost mixers:
the instantaneous bandwidth is bounded (a few tens of MHz for the HackRF, up to several tens of
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MHz for the bladeRF), and the I/Q signal path is contaminated by hardware artifacts - in particular the
DC offset and LO leakage spike at band centre, I/Q imbalance images, spurious tones and frequency-
dependent gain ripple [12]. When such a receiver is repeatedly retuned across a wide search range in
order to locate an unknown emitter, these impairments translate into false detections, missed signals
and biased bearing estimates, undermining the very advantage that the wide tuning range was meant
to provide. Panoramic spectrum analysis - the rapid sweep of a wide frequency range followed by
detection and parameter estimation of the strongest emissions - is therefore a prerequisite step for any
practical SDR-based DF system that has to operate against emitters of unknown frequency [13]. The
quality of the panoramic scan directly determines the upper bound on the DF system’s reaction time,
probability of detection and the fidelity of the bearing estimates produced in subsequent processing
stages. Two competing requirements drive the design space: on the one hand, the sweep must be fast
enough to capture short transmissions and to keep up with frequency-agile emitters; on the other hand,
it must be clean enough - free of hardware artifacts and tuning transients - to avoid corrupting the
downstream DF estimator [14]. Existing tools such as hackrf_sweep and rt1_power address only
the first requirement, while published artifact-compensation techniques are typically demonstrated on
laboratory-grade equipment and rarely benchmarked across heterogeneous low-cost SDR platforms.

The objective of this work is to formulate, implement and experimentally compare a family of high-
speed panoramic spectrum analysis methods tailored to the constraints of low-cost SDR receivers used
in DF applications, with explicit compensation of hardware artifacts. Specifically, the contribution of
the paper is threefold. First, several panoramic scanning strategies are formalized, including the naive
contiguous retune-and-capture scheme, an oversampled variant that trades sample rate for fewer retune
events, and a side-FFT approach that discards the corrupted central bins around the LO and stitches
the remaining usable spectrum into a seamless panorama [15]. Second, all methods are implemented
uniformly on two representative SDR platforms covering the bulk of the affordable market - the HackRF
One (8-bit, half-duplex, up to 20 MS/s) and the bladeRF micro 2.0 (12-bit, full-duplex, up to 61.44 MS/s) -
so that platform-specific behavior can be disentangled from algorithmic behavior. Third, the methods
are evaluated through a series of progressively more demanding experiments (smoke tests, settling-time
sweeps, side-FFT validation, quick scans and oversampling studies) using objective metrics of sweep
rate, achievable revisit time, residual artifact level and spectral fidelity, allowing concrete guidance to
be derived for designers of SDR-based DF systems.

The remainder of the paper is organized as follows. Section 2 describes the mathematical formulation
of the panoramic scanning algorithm, it’s performance metrics, and scanning artifacts that can be
present during different scan techniques. Section 3 describes the measurement set-up, including the
two SDR receivers, the 5.8 GHz video transmitter used as a controlled target emitter, and the receive
antennas characterized with a vector network analyzer. Section 4 reports the experimental results
obtained for each method on both platforms and compares them against the formulated performance
criteria. Section 5 summarizes the findings and outlines directions for future work.

2. Problem statement

2.1. Problem formulation and performance metrics

In direction finding systems, sometimes the exact frequency (channel) of a radio-emission source is
unknown. Thus a direction-finding system based on an SDR receiver of instantaneous bandwidth
B < Byt must cover a search range | fstart, fstop] of total width Biot = fstop — fstart in order to detect
a target emission source whose carrier frequency f. € [ fstarts fstop] is not known in a moment. Since
Bt > B, the resulting spectral panorama of the search range needs to be composed from multiple
scanning tiles, each tile being received by tuning the SDR to some fixed frequency.

Let fi represents the centre frequency of the k-th tile, with £k = 0,1,..., K — 1, K being the total
number of tiles required to cover the search range, then the set of tile centres { f;}

fk’ = fstart‘f’g“”kAfv K = ’V%}t-‘ ) (1)



where A f < B is the tile step - the frequency increment between two consecutive LO settings. Choosing
Af < B introduces an overlap of B — A f between adjacent tiles, which is later exploited to discard
frequency bins corrupted by hardware artifacts (Section 2.2).

For each tile centre fi, the SDR is tuned, allowed to settle for a time Tiett10, and then a complex
baseband segment xi[n], n = 0,..., Neap — 1, is captured at sample rate f; = B. The tile being
captured is then processed by an overlapping, Hann-windowed short-time FFT of size Npp1 with
overlap factor a € [0, 1), producing the resulting averaged power spectral density (PSD)

| Mio1| Npr-1 2
Pi[m] = — Z w(n] zx[n 4 i H] e~72mmn/Neer m=20,...,NrpTr — 1, (2)
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where w[n] is the Hann window, H = | Nypr(1—0a) | is the frame hop and My, = |(Neap—Nrrr)/H |+
1 is the number of frames being averaged. The resulting bin frequencies, expressed in the RF domain
after fftshift, are

[s

NrrT
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The final panoramic PSD P(f) over [fstart, fstop) is obtained by selecting, in each tile, only the bins
that lie in a usable central band of width A f, < A f and concatenating them:

K-1

P(f) = U { (Falm), Pelm]) | [£lm] = | < 2} @

k=0

The two parameters Af (tile step) and Af, (kept band) define the main degrees of freedom that
distinguish the scanning methods: the naive method takes A f, = Af ~ B, the side-FFT method takes
A fy < Af to discard the corrupted central band around the LO, and the oversampled method increases
fs above the nominal B so that more bins per tile fall outside the artifact region.
The proposed methods are compared using four objective performance metrics, defined as follows.
Scan time. The total wall-clock time required to cover the search range,

K-1
k k
Tocan = Y (Tine + Toersie + T8 + T ). ©)
k=0
where ﬂ(fge is the LO retune latency, Tiett)e is the post-retune settling delay, Tc(fr)) = Ncap/ fs is the

capture duration, and Tf(ff ) is the time spent computing Equation (2). In this work T,y is reported as
the median of n = 3 independent runs together with their inter-quartile range.
Sweep rate. The effective speed of the scanner, expressed as the search bandwidth covered per unit
wall-clock time,
Btot

scan

Rsweep = [Hz/s| . (6)

A higher Rgyeep implies a shorter revisit time 7y, = Tican between two consecutive observations of
the same frequency, which directly bounds the probability of intercepting short, bursty emissions.

Residual artifact level. Even after stitching, the panoramic PSD P(f) may exhibit residual spurs
caused by DC/LO leakage and I/Q imbalance images at the boundary between adjacent tiles, and the
ratio between the peak amplitude of the strongest noise spike in a signal-free portion of a spectrum and
the median noise floor of the same portion represents the level of residual artifact:

maxfez, .. £(f)
Ares = 101 _ mome dB|, 7

where Fpoise is a frequency subset known a priori to be free of intentional emissions in the laboratory
environment. Lower A, is better.



Spectral fidelity at the target. This value shows how accurate the known signal is being reproduced.
The PSD value at the known VTX carrier fyrx is compared to the reference value from single-tile
capture on fyrx:

gfia = | P(fvrx) — Pret(fyrx) | [dB]. 8)

This metric represents the summing effect of windowing, averaging, artifact-induced bias and any
frequency offset caused by the stitching scheme being selected.

2.2. Hardware artifacts of direct-conversion SDR front-ends

Both HackRF One and bladeRF SDRs are direct-conversion transceivers: the incoming RF signal is
mixed with a local oscillator tuned exactly to the frequency being tuned to fy, and the resulting complex
baseband is digitized by an ADCs. This architecture has a benefit of avoiding an explicit IF stage, but it
introduces some set of artifacts at and/or symmetric to LO frequency in Equation (2). These artifacts
can be classified to 4 different categories.

DC offset and LO leakage. Mismatches in the I and Q signal paths and finite isolation between the
LO and the RF port produce a non-zero average value at baseband, which appears as a spike at the bin
m = Nppr/2 of every tile. The amplitude of this spike depends on several factors, the most significant
are the receiver gain, the temperature of the front-end and the tuning frequency.

I/Q imbalance images. Due to even a small amplitude or phase mismatch between the I and Q channels,
each true tone at f, + A f can have an additional mirror image at f; — A f. After stitching tiles together,
a resulting panorama can contain these emissions located symmetrically around each tile centre and
can be wrongly classified as a target signal by a peak-based detector.

Spurious tones. Some narrow-band tones in baseband frequency grid can be present due to various
factors, like internal clock harmonics, USB-related switching noise and PLL reference spurs. After
retuning, these tones appear at the same baseband offset in every tile, which means they draw a regular
pattern across the stitched panorama at frequencies fj, + A fspur for the same A fqp,y,, in each tile.

Frequency-dependent gain ripple. The measured gain of a received frame can vary across different
frequencies not only because of different noise or target signal levels, but also due to the unevenness
of the analog front-end amplitude response. Usually, the gain rolls off on the edges of the baseband
filter and can contain tiny ripples across the usable band. Despite the deterministic behavior of this
artifact for a given gain and frequency, detected power peak can be biased and some discontinuities
could appear between the adjacent tiles while stitching.

Combination of these 4 artifact types motivate the development of the scanning methods. The naive
scan is the simplest one, being heavily impacted by all these 4 artifacts. Side-FFT method is able to
suppress DC offset and LO leakage by discarding a central portion of each tile. The oversampled scan
reduces the relative weight of the corrupted central bins by enlarging the usable fraction of each tile.

3. Measurement setup

All measurements reported in this paper were collected in a controlled indoor laboratory environment.
Both the SDRs were tested sequentially in the same room, same target signal emitter and same receive
antenna. A drone video transmitter (VTX) operating on a known, constant frequency acts as the
reference emitter, while the two SDR receivers under investigation - a HackRF One and a bladeRF micro
2.0 - observe its signal from a short, fixed distance through the same antenna. Both SDRs are driven
from the same single-board computer over independent USB 3.0 links. Fig. 1 shows the receive bench
with both SDRs and their antennas; the transmit side is shown separately in Fig. 2 and detailed in
Section 3.2. The transmitter and the receive bench are placed approximately 2 m apart in line-of-sight,
with no intentional attenuator inserted between the VTX and its antenna. This setup ensures a strong
direct-path signal at the receivers, significantly stronger than the noise floor of both SDRs across the
4.9-6.0 GHz scan range.
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Figure 1: Receivers used in all experiments. (a) HackRF One with the log-periodic antenna. (b) bladeRF micro
2.0 xA4 with the same log-periodic antenna.

3.1. SDR receivers

Two SDR platforms selected are those that are mostly used among engineers, military and radio amateurs
and are accessible and affordable on mass-market: the Great Scott Gadgets HackRF One and the Nuand
bladeRF micro 2.0 xA4. Both devices are direct-conversion (zero-IF) transceivers with a tuning range that
comfortably covers the 5.8 GHz video band of interest, but they differ significantly in ADC resolution,
maximum sample rate and USB throughput, which makes them complementary for benchmarking
panoramic scanning methods. The key parameters used in the experiments are summarized in Table 1.

Table 1
Key parameters of the SDR receivers used in this study.
Parameter HackRF One bladeRF micro 2.0 xA4
Frequency range 1MHz - 6 GHz 47 MHz - 6 GHz
Architecture Direct conversion Direct conversion
ADC resolution 8 bit 8 bit, 12 bit
Max. sample rate 20 MS/s 120 MS/s (8 bit), 61.44 MS/s (12 bit)
Sample rate used 20 MS/s 120 MS/s (oversample, 8 bit), 60 MS/s (12 bit)
Duplex Half Full
Host interface USB 2.0 USB 3.0
RF front-end gain stages AMP /LNA /VGA Unified (AGC off)
Gain settings used LNA 40, VGA 50, AMP off 40dB manual

Both receivers are connected to the same Raspberry Pi 5 host through independent USB 3.0 ports.
All driver- and userspace-side software is identical across runs: the scanning code is implemented
in Python on top of the pyhackrf2 and bladerf bindings, runs in the same Jupyter kernel, and is
exercised on each device in turn through a common high-level scan loop, so platform-specific behavior
can be cleanly separated from algorithmic behavior.

3.2. Target emitter: 5.8 GHz video transmitter

A commercial 5.8 GHz analogue FPV video transmitter (Fig. 2) is used as the reference emitter throughout
this work. The unit covers the standard 48-channel 5.8 GHz video band and is configured to operate on
channel 22, which corresponds to a nominal carrier frequency of fyrx = 5752 MHz and a declared
RF output power of 600 mW. No video source is connected to the modulator input, so the transmitter
encodes a constant black frame; in the spectral domain this produces an essentially stationary, narrow-
band CW-like emission centred on fyrx, which is ideal for benchmarking panoramic scanners because
the target feature does not move, fade or modulate during a sweep. The transmitter is mounted on a small



tripod approximately 1 m above floor level and equipped with the manufacturer-supplied rubber-duck

antenna, oriented vertically.

Figure 2: Reference emitter: 5.8 GHz, 48-channel analogue video transmitter configured on channel 22 (fyrx =
5752 MHz, Py, = 600 mW).

3.3. Receive antenna

To keep the cross-platform comparison fair, both SDRs are equipped with the same directional log-
periodic antenna [16, 17] with SMA connector (Fig. 3). The antenna characteristics were measured
with a LiteVNA portable vector network analyzer over a 4.8 GHz-6 GHz sweep range in order to verify
the voltage standing wave ratio (VSWR) in the band of interest around the VTX channel. Fig. 4 shows
the resulting VSWR trace, with the marker M1 placed at the closest available sweep point to the VTX
carrier (5750 MHz, limited by the analyzer’s frequency-step resolution).

Figure 3: Receiver log-periodic antenna used in all the measurements

El M1 5.7508 666 668 GHz [1.684 | MH2 2,700 666 666 GHz [1.136 |
= | M3 4.860 666 888 GHz 1.216
A2-1: -3.850 660 860 GHz

START 1.660 666 868 GH= 281p 2+ AVG STOP 65.068 68 G686 GH=

Figure 4: VSWR trace of a receive antenna measured with a LiteVNA over 1 GHz-6 GHz. The marker M1 at
5750 MHz lies near the VTX channel 22 carrier used throughout the experiments.



4. Experimental results

4.1. Smoke tests and baseline capture

In the first experimental phase, which is smoke test, both the receivers are tuned to the VTIX carrier
frequency, f. = fvTx = 5752 MHz, and a single block of N¢,, = 60 000 complex samples is received
from each SDR device. Both SDRs are configured to their maximum native parameters: 12-bit mode
with fs = 60 MS/s samplerate for bladeRF, and f; = 20 MS/s samplerate for HackRF. This capture is an
idealized scenario that represents the best possible operating conditions for both SDRs, as there is not
frequency retuning, thus LO settling and tile-stitching are absent. For each capture the averaged PSD
defined in Equation (2) is calculated with Nppr = 4096, a Hann window and 50 % overlap, yielding
M = 14 averaged frames for the 60 000-sample blocks. The resulting baseband bin resolution is
A foin = fs/Nrpr =~ 14.65kHz for the bladeRF and ~ 4.88 kHz for the HackRF. Fig. 5 shows the
resulting spectrum, normalized to the median noise floor of each receiver.
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Figure 5: Single-tile spectrum at f. = fyrx = 5752 MHz, normalized to the median noise floor of each receiver.
Left: bladeRF micro 2.0 at 60 MS/s. Right: HackRF One at 20 MS/s.

4.2. Settling-time sweep

The SDR retuning requires some settling time to be waited (or some number of samples to be drained)
in order to stabilize after a frequency change. The optimal settling time is ideally short enough
to keep scanning rate high, the same time long enough to ensure that LO became stable on a new
frequency, producing artifact-less results. For this purpose, some of the settling time variations were
tested, measuring four most significant indicators: median scan time (Equation (5)), mean and standard
deviation of the detected peak power at fyTx, and the standard deviation of the detected peak frequency
os. All the results are summarized in Table 2.

Table 2

bladeRF settling-time sweep over [4.9,6.0] GHz. Ngrain is the number of post-retune samples discarded at
fs = 60 MS/s; the corresponding settling time is Tycttle = Ndrain/ fs-

Ndrain Ticttle  Tscan [S] Ppeak [dB] af

1024 17 pus 0.598 +11.0£85 2.51MHz
131072  2.18ms 0.607 —-12.3£0.6 4.15MHz
262144  4.37Tms 0.607 0.3+49 3.32MHz

1048576 17.48 ms 1.101 +278+0.6 7.18kHz

Fig. 6 and Fig. 7 illustrate the same data graphically: the former plots Tican, 0p and o as a function
of the drain-buffer size, while the latter shows the resulting stitched panoramas, in which insufficient
settling time causes the artifacts in the lower-frequency tiles with retune transients.



bladeRF settle-buffer sweep (5 reps per configuration)
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Figure 6: Settling-time sweep metrics on the bladeRF: scan time, VTX peak-power standard deviation and VTX
peak-frequency standard deviation versus drain-buffer size (5 repetitions per configuration).

bladeRF panoramas across the search range by settle buffer size
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Figure 7: Stitched bladeRF panoramas across the 4.9-6.0 GHz search range for four drain-buffer sizes from 17 s
to 17.5 ms. The step-shaped artifacts in the upper subplots result from the LO still slewing during the capture
window and gradually disappear as the settling delay increases; only at Nyrain = 220 does the VTX carrier
emerge as an isolated peak at 5.752 GHz.



Thus, some preliminary conclusions can be made. Firstly, for any Tg.t41e below about 5 ms the detected
carrier frequency drifts does not match the expected value, and it drifts by several megahertz between
tile retunes (o ¢ on the order of 10° Hz), which means that during the capture window being received
the LO synthesizer is still unstable, causing artifacts in a measurement. Thus, only at Ngpain = 220
samples (=~ 17.5ms) o collapses to about 7 kHz, which corresponds to a single FFT bin, which is the
state that can be considered as stable. Secondly, the detected peak power, as well as detected carrier
frequency, is unreliable at short delays: only at 17.5 ms it stabilizes to a +-27.8 dB, indicating a transition
to a stable working condition. Third, the settling time variation has a direct scanning speed impact:
increasing Tgettle from 17 us to 17.5 ms nearly doubles Tycapn (from 0.60 s to 1.10 s), which degrades the
direction finding performance in cost of a measurement stability.

According to an experiment conducted, Tiett1e =~ 17 ms is the minimum delay that produces a
frequency-accurate, amplitude-stable detection on the bladeRF, this value is being selected as a default
for all the subsequent experiments.

4.3. Side-FFT validation against the VTX target

The side-FFT method is validated on the HackRF, where the central DC/LO spike characterized in
Section 4.1 is most severe. Two panoramic scans of the same 4.9-6.0 GHz range are compared back-to-
back: a naive scan (phase 2) and a side-FFT scan (phase 3) using identical tile geometry but with the
+100 central bins around each LO replaced by the corresponding bins of an overlapping neighbor tile.
Fig. 8 overlays the two resulting panoramas.

HackRF — Phase 2 (naive) vs. Phase 3 (side-FFT)
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Figure 8: HackRF panoramic scans of the 4.9-6.0 GHz range. Top: naive retune-and-capture (phase 2, Tscan =
2.73s). Bottom: side-FFT with central-bin rejection (phase 3, Tycan = 4.055s).

Comparing the results of a naive and side-FFT methods, it can be clearly seen that the massive DC
spikes spaced by the tile step A f present in a naive method are absent in the side-FFT method, while
the overall wideband structure of the panorama is preserved, confirming the correctness of the obtained
results. However, this improvement is a trade-off between scanning scanning speed and spectral purity.
The VTX frequency is being detected with the same ~ 130 kHz error, the same as with a naive method.
This confirms that the side-FFT method does not degrade a frequency detecting accuracy.

4.4. Quick scans and oversampling study

A noticeable amount of time that takes SDR to change it’s operating frequency is a host-to device
communication and LO setting. While trying to maximize the scanning speed, this can lead to poor



performance result. For this case, most of the modern SDRs, as well as bladeRF and HackRF being
studied, have a firmware-assisted quick-tune mechanism. This mechanism allows to save a significant
amount of time by pre-calculating LO parameters for all the frequencies that SDR will be tuned to
during the scan. Since the range being scanned remains the same, instead of tuning to a new frequency
each time, the SDR firmware just takes already pre-calculated LO settings from the memory. Fig. 9
illustrates results being obtained by comparing bladeRF and HackRF (in both naive and side-FFT modes)
scanning modes.

Another method that allows to improve scanning speed, is an oversampling mode. From the 2 SDRs
being taken in this research, only bladeRF supports oversampling, since it’s ADC has a native 12-bit
resolution, and the oversampling is achieved by changing resolution from 12 to 8-bit, dramatically
increasing maximal sample rate allowed from 60 MS/s to 120 MS/s. Fig. 10 depicts how oversample
relates to a normal sample rate in both naive and quick tune mode.
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Figure 9: Quick-tune compared to naive panoramas on both platforms.

Quick-tune method provides a 5.3-6.6 X speed-up on either platform without introducing any ad-
ditional noise or artifacts, because the overhead it removes is independent of the bandwidth covered.
Doubling the sample rate adds another ~ 1.5 on the bladeRF by halving the tile count, at the cost
decreased resolution, which is not critical for scanning. The VTX carrier remains clearly detectable at
> 30 dB above the floor. Combining these 2 methods builds up a fastest possible configuration of this
study: 0.093 s for the full 1.1 GHz sweep on the bladeRF, i.e. a sweep rate of Rgyeep ~ 11.8 GHz/s.



Phase 5 — bladeRF 120 MS/s SC8_Q7 oversampled panoramas
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Figure 10: bladeRF 120 MS/s SC8_Q7 oversampled panoramas (naive and quick-tuned).

4.5. Methods comparison and cross-platform summary

The panoramas obtained with every method on both platforms are assembled side-by-side in Fig. 11
and the associated metrics are summarized in Table 3.

Phase 6 — All panoramas (4.9-6.0 GHz, drone VTX @ 5752 MHz)
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Figure 11: All seven panoramic configurations evaluated in this study on the common 4.9-6.0 GHz search
range with the VTX active at fyrx = 5752 MHz. Top row: bladeRF (60 MS/s SC16_Q11 naive and quick-tune,
120 MS/s SC8_Q7 naive and quick-tune). Bottom row: HackRF (naive 20 MS/s, side-FFT 20 MS/s, firmware-sweep
quick-tune).



Table 3
Cross-platform summary of the panoramic scanning methods on the 4.9-6.0 GHz range.

Device Method Tican [s] Peakerr. [kHz] Noise [dB] Speed-up
bladeRF  Naive 60 MS/s SC16_Q11 0.921 41.0 —17.4 x1.00
bladeRF  Quick-tune 60 MS/s SC16_Q11 0.173 41.0 —17.4 x5.34
bladeRF  Naive 120 MS/s SC8_Q7 0.632 31.2 —0.4 x1.46
bladeRF  Quick-tune 120 MS/s SC8_Q7 0.093 41.0 0.0 x9.94
HackRF  Naive 20 MS/s 2.728 124.0 19.0 x1.00
HackRF  Side-FFT 20 MS/s 4.046 133.8 18.6 x0.67
HackRF  Firmware-sweep quick-tune 0.414 133.8 19.5 x6.60

5. Conclusions

This work benchmarked three panoramic scanning methods - naive retuning , side-FFT with central
segment rejection and SDR firmware-assisted quick-tune - on two affordable mass-market SDRs, the
HackRF One and the bladeRF micro 2.0, using a 5.8 GHz FPV video transmitter as a known fixed central
frequency signal over a 4.9-6.0 GHz search range.

Three main conclusions can be made. First, a sufficient settling delay (about 17 ms on the bladeRF) is
a prerequisite for any meaningful comparison: below this threshold both the detected carrier frequency
and its power are dominated by retune transients rather than by the scanning algorithm. Second,
firmware-assisted quick-tune is the single most effective optimization, yielding a 5.3-6.6x speed-up on
both platforms without measurable degradation of the panorama. Third, bandwidth-oriented techniques
are platform-specific: 8-bit oversampling at 120 MS/s adds a further ~ 1.5x on the bladeRF, while on
the HackRF the side-FFT method trades a 0.67x scan-time penalty for the suppression of DC/LO spikes.
Combining quick-tune with oversampling on the bladeRF reaches a sweep rate of Rqyeep ~ 11.8 GHz/s
for the full 1.1 GHz range, while keeping the VTX carrier at > 30 dB above the noise floor.

The calculated peak-frequency error is caused by the FFT bin resolution of the chosen configuration
rather than by the scanning method itself, which confirms that the proposed methods do not bias the
target carrier and that any further refinement of bearing estimation in the direction-finding chain must
come from longer per-tile captures rather than from the panoramic scanner. Future work can include
integrating advanced direction finding algorithms (like MUSIC, MVDR, ESPRIT) into the scanning
loop, and testing the methods in more realistic scenarios with multiple emitters and frequency-hopping
signals.
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