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Abstract
Modern space systems rely heavily on the Radio Frequency Direction Finder (RF DF) for various
applications, where multichannel receivers are used to determine signal arrival angles. Accurate
angle estimation requires precise front-end and signal processing. However, high-frequency elec-
tronics are susceptible to variations in electronic components due to manufacturing processes,
temperature fluctuations, and voltage fluctuations, leading to errors. To mitigate these errors,
amplitude and phase calibration of the multichannel front-end are crucial. This work presents
and implements, using a Software Defined Radio (SDR), a simplified calibration technique for a
dual-channel X-band RF front-end designed for space-based DF. The method involves applying a
calibration signal to the front-end and measuring the amplitude and phase errors in the baseband
signals using an SDR system. These measurements are used to create an error vector that is then
applied in the software domain to compensate for system imbalances. Experimental validation
was conducted within the 8.5 to 9.5 GHz X-band range, employing a modular dual-channel RF
front-end connected to a dual-channel SDR, considering two scenarios of calibration in the soft-
ware domain for the entire bandwidth.
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plications

1 Introduction

The capability of locating electromagnetic emitters and elec-
tronically target objects, enabled by Direction Finders (DF),
is fundamental to the operation of numerous critical systems,
from space and navigation technologies, rescue efforts, and
beamforming antenna arrays applied in several applications
[1, 2, 3, 4, 5, 6]. Knowing the position of an RF emit-
ter can enhance system robustness, as demonstrated in [7],
where direction-finding data improves the efficiency of mari-
time rescue operations. This is particularly valuable because
environmental noise often obscures critical communication,
and speakers may not share a common language.

The Angle of Arrival (AoA) estimation of electromagnetic
waves or tracking beam direction changes in antenna arrays,
can be achieved using various architectures. The simplest and
most cost-effective approach employs a two-channel trans-
ceiver system, though accuracy generally improves with ad-
ditional channels.

Beamforming and Direction Finding (DF) are typically pro-

cessed in the digital domain, as analog implementations re-
quire complex circuitry for phase shifting and triangulation.
However, this digital approach demands precise compensa-
tion for front-end channel mismatches. Component variations
introduce gain and phase errors between the antennas, which
can degrade the accuracy of Direction of Arrival (DOA) es-
timation [8, 9].

Figure 1 presents the block diagram of the X-band DF sys-
tem considered in this work. The architecture consists of a
dual-channel X-band front-end and a two-channel software-
defined radio (SDR). Each RF front-end channel is equipped
with a Low-Noise Amplifier (LNA) and a mixer to translate
the received signal from X-band to an intermediate frequency
(IF). Following the front-end, the SDR further processes the
signal. Inside the SDR, the received signals are amplified,
down-converted from IF to quadrature baseband (BB) and
converted from analog to digital. Thus, the I-Q digital data
are delivered to a digital signal processor (DSP) and to the
application serial bus [10].
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Figure 1: X-Band SDR-Based Direction Find Block Diagram.

To ensure system accuracy during operation, a real-time calib-
ration system is integrated into the receiver. This is achieved
by utilizing the SDR’s transmitter and an up-converter mixer
to generate a test signal. This test signal is then split and
injected into the inputs of the receiver channels via two bi-
directional couplers. This method allows coupling the cal-
ibration signal to the receiver inputs without degrading the
receiver noise figure (NF) [11, 12]. The coupled reference
signal enables the evaluation and subsequent compensation
of gain and phase imbalances within the receiver chain, all
performed in the digital/software domain.

Based on that, this paper analyses the capability of gain and
phase calibration methods at the software domain for satellite
receiver front-ends operating in the X-band. These analyses
were performed through experiments with the RF front-end
operating from 8.5 to 9.5 GHz using commercial monolithic
microwave integrated circuits (MMICs) and a two-channel
ADALM-PLUTO software-defined radio (SDR). The SDR
data were processed using MATLAB and Python environ-
ments, and all measurements were made with standard mi-
crowave laboratory equipment.

This paper is organized as follows: Section II describes the
theory of amplitude and phase calibration. Section III details
the front-end design and SDR implementation. Section IV
presents the experimental results, and Section V concludes
this work.

2 Amplitude and Phase Calibration Analysis
To analyze the calibration process, the full diagram of Fig. 1
is redrawn as the simplified block diagram shown in Fig. 2
that represents the entire RF receiver path.
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Figure 2: Simplified block diagram of the RF receiver

The dual-channel RF front-end receives the RF signals SRF1/2
from the antennas and delivers the down-converted ana-
log signals SIF1/2 at an intermediate frequency (IF) to the
software-defined radio (SDR). The SDR’s quadrature receiver
then processes these signals, down-converting them from IF

to baseband before they are sampled and converted to the di-
gital domain.

The SDR’s baseband output signals, SBB1/2, are composed of
In-phase (IBB1/2) and Quadrature (QBB1/2) components and
can be represented by their amplitude (ABB1/2) and phase
(φBB1/2), as given by (1)

SBB1/2 = IBB1/2 + jQBB1/2 = |ABB1/2| ̸ φBB1/2 (1)

The amplitude and phase of these signals can be obtained as
follows:

|ABB1/2|=
√

I2
BB1/2 +Q2

BB1/2 (2)

φBB1/2 = arctan
(

QBB1/2

IBB1/2

)
(3)

Due to practical implementation imperfections such as dif-
fering path lengths and variations in active device gain, the
baseband signals (SBB1/2) will exhibit amplitude and phase
imbalances. This mismatch occurs even when the same sig-
nal is applied to both RF inputs, necessitating a calibration
system to compensate for the errors and be compatible with
DF system use.

The calibration is performed by processing the received data
in the baseband domain. Given a common RF input and local
oscillator for both channels, the imbalances can be estimated.
If Channel 1 is defined as the reference, the amplitude gain
error is evaluated as the ratio of the signal amplitudes and the
phase error is found from the phase difference between the
channels, as expressed in (4) and (5).

αBB12 =
|ABB1|
|ABB2|

(4)

∆φBB12 = φBB1 −φBB2 (5)

The calibration process utilizes the imbalance factors αBB12
and ∆φBB12 to correct the signals, with Channel 1 designated
as the reference.

Two primary calibration methods were considered. The first
approach corrects both the amplitude and phase of Channel 2
while applying a phase-only correction to Channel 1 to cen-
ter the relative phase error. The second, simpler method ap-
plies the entire correction solely to Channel 2. Although the
second method may require more signal samples to converge
for large phase imbalances, it was adopted in this work due to
its straightforward implementation. The resulting calibrated
signals, S∗BB1 and S∗BB2, are given by equations (6) and (7).

S∗BB1 = |ABB1|e j(φBB1) (6)

S∗BB2 = αBB12|ABB2|e j(φBB2+∆φBB12) (7)

A key challenge for the intended application is that the re-
quired 1 GHz of RF bandwidth in the X-band exceeds the
instantaneous channel bandwidth of the SDR adopted in this
work (up to 20 MHz). To address this, the wide spectrum is
processed by splitting it into several narrower sub-bands. This



Figure 3: Frequency down-conversion process and the repres-
entation of the base-band signal in N narrow-band channels.

is achieved by systematically changing the center frequency
of the SDR to select the desired frequency. In other words,
the SDR cannot receive the entire signal bandwidth. Thus, the
SDR will need to select the signal using individual channels
according to its channel bandwidth limitation. It is depicted
in Figure 2 when the RF bandwidth will be split into N time-
multiplexed narrow-band channels. Consequently, gain and
phase imbalance calibration must be performed independ-
ently for each sub-band. This is necessary because the front-
end and SDR’s characteristics are frequency-dependent and
change with the center frequency of each segment.

During preliminary experimental testing, it was observed that
the used SDR executes an internal re-initialization sequence
each time its local oscillator frequency is changed. This se-
quence appears to alter the internal state of the device, caus-
ing previously acquired calibration data to become invalid.
Crucially, returning to a previously calibrated frequency point
does not restore the prior calibrated state. Consequently, a
static or offline calibration approach is insufficient. The re-
quired solution is to implement a real-time calibration system
that recalibrates the channels whenever the SDR’s local oscil-
lator frequency is adjusted.

3 X-Band Dual-Chanel RF Receiver System
The experimental results presented in this work were based
on the circuit shown in Figure 1. The X-band RF dual chan-
nel front-end is composed of two MOD 415C-20 directional
couplers (Coupler1 and Coupler2), two AFS4-08500960-18-
10P-4 modular LNAs (LNA1 and LNA2), two PE8652 mod-
ular passive mixers (Mixer1 and Mixer2). The RF front-end
is designed to operate in the X-band from 8.5 to 9.5 GHz.
Biased with a +15 V power supply, it provides a nominal
power gain of 24 dB and has a noise figure (NF) of 0.8 dB.

The SDR used in this work is an ADALM-PLUTO (Revi-
sion C), which is based on the Analog Devices AD9363 in-
tegrated transceiver. This single chip contains the complete
dual-channel receiver path, and for this work, the device was
specially configured to enable simultaneous operation of both
receive channels. Figure 4 shows a simplified block diagram
of front-end connected to the SDR. The receiver path includes
the input preamplifiers (LNASDR1/2), down-conversion mix-
ers with a variable local oscillator, tunable channel filters (up
to 20 MHz bandwidth), and a 12-bit, 61.44 MS/s ( 61.44

2 MS/s
for two channel operation) analog-to-digital converter (ADC).
Digital data is delivered to the host computer via a USB 2.0

Table 1: Frequency of the local oscillator used to select the
200 MHz sub-bands.

LO Frequency (GHz) RF bandwidth (GHz)

8.1 8.5 - 8.7
8.3 8.7 - 8.9
8.5 8.9 - 9.1
8.7 9.1 - 9.3
8.9 9.3 - 9.5

connection.

Figure 4: Schematic of the X-band front-end and simplified
SDR block diagram used in this work.

For the TX calibration channel, we used the RF-80 C1 mixer
(Mixer3) for up conversion and the PE2084 power splitter
(Splitter1).

The usable bandwidth for each sub-band is determined by the
system’s intermediate frequency capabilities. The front-end
mixer can produce an output signal up to 600 MHz, while the
ADALM-PLUTO SDR’s tunable range begins at 325 MHz.
This establishes a usable IF bandwidth of 200 MHz for each
segment, beginning at 400 MHz up to 600 MHz. To allow
receiving the entire 8.5 GHz to 9.5 GHz the local oscillator
(LO) signal (SLO) is adjusted according to Table 1. to select
the five distinct 200 MHz RF bands.

Additionally, the SDR is configured to a 10 MHz channel
bandwidth. Thus, each of the five bands is further subdivided
into 20 adjacent sub-bands. This results in a total of 100 chan-
nels of 10 MHz that can be considered in the 1 GHz band-
width DF system.

4 Experimental Analysis
The experimental validation of the X-band DF system was
conducted in our microwave laboratory using the equipment
set shown in Fig. 5.

The setup uses one Agilent E8257D signal generator to
provide the external local oscillator (SLO) signal and an
Agilent E3632A to supply DC bias to the front-end. The
ADALM-PLUTO SDR, connected to a computer via USB
2.0, serves as the digital back-end.

For real-time calibration, the ADALM-PLUTO’s TX output
is split and routed back to both RX inputs to create a com-
mon reference signal. To independently verify performance,
the output of the second receiver channel (RX2) is also split,
sending the signal to the SDR and a Keysight N9042B signal



analyzer for monitoring.

Figure 5: Equipment setup for the calibration measurements.

The data acquisition processed was performed with Python.
Following data collection, the raw signals were exported to
MATLAB for post-processing and analysis, where imbalance
calculations and calibration corrections were performed. A
photograph of the assembled laboratory setup is shown in Fig-
ure 6.

Figure 6: Equipment setup used in experimental results.

The measurement methodology involved first generating a set
of calibration factors and then validating their effectiveness
over the 8.5 GHz to 9.5 GHz RF band. Initially, a calibration
signal (Signal 1) was swept across the band to create a cor-
rection matrix. Subsequently, the validity of this matrix was
tested by applying the stored correction factors to two new,
independent signals (Signal 2 and Signal 3) that were also
swept across the same frequency range.

The results of this process are shown in Figure 7. The figure
compares the initial uncalibrated response of Signal 1 against
the ideally corrected case (where the calibration is applied to
Signal 1 itself) and the corrected responses of the two valida-
tion signals.

As shown in a preliminary test, an initial attempt to use a
static calibration matrix—generated from one signal sweep
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Figure 7: Gain and phase imbalance measurement for offline
calibration.

and applied to others—proved ineffective as significant errors
for direction finding remained.

It was first hypothesized that these errors were caused by tran-
sient effects in the system. To test this, a two-second delay
was introduced before each measurement, but the errors per-
sisted. Further analysis revealed the root cause to be an in-
ternal re-initialization sequence within the ADALM-PLUTO
AD9363. This sequence is triggered by any change in the LO
frequency or sample rate and appears to be non-deterministic;
returning to a previous configuration does not guarantee a re-
turn to the same internal state, thus invalidating static calibra-
tion data.

To overcome this issue, a second methodology based on real-
time, "in-place" calibration was adopted. This method con-
sists of the following steps at a single, fixed frequency: 1)
A signal is transmitted and its response is captured. 2) A
calibration factor is calculated from this initial measurement.
3) The factor is immediately applied to a second and third
measurement of the same continuous signal, each taken after
a one-second delay, to evaluate the short-term stability and
effectiveness of the correction. The results of this successful
real-time methodology are presented in Figure 8.
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Figure 8: Gain and phase imbalance measurement for online
calibration.

A comparison between Figure 7 (offline method) and Figure 8
(online method) highlights the significant difference in per-
formance between the two approaches.

The statistical analysis shown in Tables 2, 3, 4, 5 comparing
the Offline and Online calibration methods reveals a substan-
tial difference in measurement consistency and repeatability,
despite both systems successfully shifting the mean Amp-



litude Ratio and Phase Error close to their ideal target values
(1.0 and 0.0◦, respectively). For the Amplitude Ratio Error,
the Online Calibration demonstrated far superior consistency,
achieving a Standard Deviation (Std. Dev.) of only 0.003 on
the same signal, compared to the 0.070 observed in the Offline
method under new signal conditions. This stability advantage
is even more pronounced in the Phase Error analysis, where
the Online approach achieved a residual Std. Dev. as low as
0.06◦, drastically outperforming the Offline method’s residual
Std. Dev. of approximately 4.0◦. This data confirms that the
enhanced synchronization and control provided by the Online
architecture lead to significantly reduced residual error, estab-
lishing the Online Calibration as the superior method for max-
imizing precision and long-term measurement consistency.

Table 2: Statistical Analysis of the Amplitude Ratio Error for
offline Calibration.

Measurement Step Max Min Mean Std. Dev.

Initial (Uncalib.) 3.518 0.085 1.099 0.700
Calibrated Data 2 1.238 0.774 0.989 0.067
Calibrated Data 3 1.223 0.826 0.991 0.070

Table 3: Statistical Analysis of the Phase Error (in Degrees)
for offline Calibration .

Measurement Step Max Min Mean Std. Dev.

Initial (Uncalib.) 179.50 -178.97 -22.24 76.54
Calibrated Data 2 12.25 -13.99 -0.13 4.06
Calibrated Data 3 11.22 -11.26 -0.81 4.01

Table 4: Statistical Analysis of the Amplitude Ratio Error for
online Calibration.

Measurement Step Max Min Mean Std. Dev.

Initial (Uncalib.) 6.238 0.096 1.248 1.046
2nd Reading 1.026 0.997 1.000 0.003
3rd Reading 1.092 0.614 0.994 0.046

Table 5: Statistical Analysis of the Phase Error (in Degrees)
for online Calibration.

Measurement Step Max Min Mean Std. Dev.

Initial (Uncalib.) 173.59 -179.34 -36.15 74.32
2nd Reading 0.33 -0.32 0.00 0.06
3rd Reading 3.12 -7.47 0.01 0.83

5 Conclusion
This paper presented the development and validation of a cal-
ibration technique for a dual-channel X-band receiver inten-
ded for direction-finding applications. A key contribution
of this work was the identification of a critical limitation in

conventional offline calibration approaches when using SDRs
like the ADALM-PLUTO. This challenge is particularly sig-
nificant because, unlike traditional narrowband direction find-
ers that operate at a static frequency, our application requires
finding the position of any signal source appearing within a
wide 1 GHz bandwidth (8.5 to 9.5 GHz).

To overcome this challenge, a real-time, "in-place" calibra-
tion methodology was proposed and successfully implemen-
ted. This approach proved effective at correcting the signific-
ant gain and phase imbalances at discrete frequency points,
validating its suitability for systems requiring frequency agil-
ity.

In future work, we intend to physically implement the hard-
ware to fit within a 1U CubeSat standard and to add two
corner antennas to evaluate DF performance in AoA estim-
ation.
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