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Abstract—HF remains an essential military operational tech-
nology for BLOS communications when SATCOM is not avail-
able. 2G and 3G HF standards have been developped for 3 kHz
narrowband channels. The latest wideband 4G HF standards en-
able higher data rates by increasing the bandwidth available for
transmission. The two main solutions aggregate either contiguous
or non-contiguous 3 kHz narrowband channels up to 24/48 kHz.
This paper describes a low complexity generic receiver with
channel estimation, time and frequency synchronization for 2G,
3G, 4G and HF-XL standards and a performance evaluation in
terms of BER or PDR vs SNR on narrowband and wideband HF
channel models. The narrowband and wideband HF standards
have been implemented on a GPP-based SDR platform with open-
source libraries and run in real-time.

I. INTRODUCTION

High Frequency (HF) remains an essential military opera-
tional technnology for Beyond Line of Sight (BLOS) commu-
nications when SATtelite COMmunication (SATCOM) is not
available.

2G and 3G HF standards have been developped for 3
kHz narrowband channels [1], [2]. The latest wideband 4G
standards enable higher data rates by increasing the bandwidth
available for transmission [3], [4], [5], [6]. The two main
solutions aggregate either contiguous or non-contiguous 3 kHz
narrowband channels up to 24/48 kHz.

Most of the literature on reception of narrowband and
wideband HF standards considers perfect channel estimation,
time and frequency synchronization. This paper describes a
low complexity generic receiver with channel estimation, time
and frequency synchronization for 2G, 3G, 4G and HF-XL
standards and a performance evaluation in terms of Bit Error
Rate (BER) or Packet Delivery Ratio (PDR) vs Signal to Noise
Ratio (SNR) on narrowband and wideband HF channel mod-
els. For the narrowband and wideband HF channel models, the
Comité Consultatif International des Radiocommunications
(CCIR) and International Telecommunication Union (ITU)
Recommandations F.520-2 and F.1487 based on the Watterson
channel model are valid for bandwidths up to 12 kHz with a
straighforward configuration [7], [8], although the authors in
[9] show that the Watterson channel model is still valid for
wideband HF standards. Another channel model for wideband
HF standards it the Vogler and Hoffmeyer channel model valid
for bandwidth up to 1 MHz with a more complex configuration
[10]. The narrowband and wideband HF standards have been

implemented on a General Purpose Processor (GPP)-based
Software Defined Radio (SDR) platform with open-source
libraries and run in real-time.

Section II gives a brief overview of 2G-Automatic Link
Establishement (ALE), 3G-ALE, 4G-ALE/HF and HF-XL
standards. Section III gives a description of the low complexity
generic receiver used for 3G-ALE, 4G-ALE/HF and HF-
XL standards with channel estimation, time and frequency
synchronization. Section IV gives a performance comparison
of 2G, 3G, 4G and HF-XL standards in terms of BER or
PDR vs SNR on narrowband and wideband HF channel
models. Section V gives some details on the implementation of
narrowband and wideband HF standards on GPP-based SDR
platform.

II. NARROWBAND AND WIDEBAND HF STANDARDS
A. 2G-ALE

As described in the Appendix A of [1], [3] and shown in
Figure 1, the 2G-ALE transmitted bursts are structured into 24
bits frames (3 bits for preamble and 21 bits for data) which
are Golay (24,12) encoded, interleaved, concatenated with one
stuff bit, resulting into 49 bits repeated 3 times and modulated
by 8-Frequency Shift Keying (FSK) in the range of 750 - 2500
Hz spaced 250 Hz apart with symbol rate R;=125 symbols/s
(375 bps). The duration of a burst ¢4 is therefore 392 ms
with N;,; = F'Rsty samples, F' being the oversampling factor
(F'=96 in the implementation).
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interleaved + stuff bit
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Fig. 1. Structure of the 2G-ALE burst

The receiver uses a half-band filter to remove out-of-
band noise followed by a quadrature demodulation, filtering,
sampling, majority voting on the three repeated sequences, de-
interleaving, and Golay decoding.

B. 3G-ALE

As described in the Appendix C of [1], [2] and shown in
Figure 2, the 3G-ALE consists of 6 Burst Waveforms (BWO0-5)



with 3 kHz bandwidth and structured as concatenated Transmit
Level Control/Automatic Gain Contol (TLC/AGC), preamble
and data sequences. The data bits (e.g. 26 bits for BWO, 48
bits for BW1, 4n-7 bits with n=32,64,...,512 for BW3, 50 bits
for BW5) are CRC-32 encoded for BW3 and encoded either
with a convolutional code with rate R=1/2, constraint K=7,
generator polynomials (91,121) or R=1/3, K=7, (457,435,367),
interleaved, converted into Walsh sequences, repeated, scram-
bled, modulated by 8-Phase Shift Keying (PSK) and filtered
by a Root Raised Cosine (RRC) filter with a roll-off factor
of 0.35 with symbol rate R;=2400 symbols/s. The durations
of the bursts ¢4 are 613.33 ms for BWO, 1306.67 ms for
BWI1, 373,33+(13.33n) ms for BW3, 1013.33 ms for BW5
with Ny = F'Rsty samples (F'=4 in the implementation).
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Fig. 2. Structure of the 3G-ALE bursts

C. 4G-ALE/HF

As shown in Figure 3 and described in the Appendix G
of [3] and in the Appendix D of [4], 4G-ALE consists of 2
Waveforms Deep-Wideband Automatic Link Establishement
(D-WALE) and Fast-Wideband Automatic Link Establishe-
ment (F-WALE) with 3 kHz bandwidth. 4G-HF consists of
14 waveforms (WIDO0-13) with 12 possible bandwidths from
3 kHz to 48 kHz and 4 possible interleaver lengths from ultra
short to long. The waveforms are structured as concatenated
TLC/AGC, preamble and data sequences. The data bits (e.g.
96 bits for D-WALE and F-WALE) are encoded either by a
punctured convolutional code with rate R=1/2, constraint K=7,
generator polynomials (91,121) or R=1/2, K=9, (369,491), in-
terleaved, either converted into Walsh sequences and repeated,
scrambled, modulated by 8-PSK for WIDO and D-WALE or
modulated by M-PSK/M-QAM and structured into alternating
frames and miniprobe sequences for WID1-13 and F-WALE,
and filtered by a RRC filter with a roll-off factor of 0.35
with symbol rate R;=2400c symbols/s, with ¢ the number of
adjacent channels used for transmission up to 48 kHz, with
Niot = FR4tq samples (F'=4 in the implementation).
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Fig. 3. Structure of the burst 4G-ALE and 4G-HF bursts

D. HF-XL

As described in the Appendix H of [5], the HF-XL consists
of 7 waveforms with variable number of channels up to 16
and variable number of frames up to 72. The waveforms are

structured as concatenated initialization sequence, preamble,
miniprobe and data sequences similarly to Figure 3. The data
bits are encoded by a convolutional code with rate R=1/2,
constraint K=7, generator polynomials (133,171), interleaved,
modulated by M-PSK/M-QAM and structured into alternating
frames and miniprobe sequences, and filtered by a RRC filter
with a roll-off factor of 0.35 with symbol rate R;=2400
symbols/s per channel, the number of non-adjacent channels
used for transmission up to 16 channels in 64 channels of 3
kHz (total of 192 kHz), leading to a sampling rate F'R, and
Niot = F R4ty samples (F'=84 in the implementation).

III. LOW COMPLEXITY GENERIC RECEIVER FOR 3G-ALE,
4G-ALE/HF AND HF-XL WITH CHANNEL ESTIMATION,
TIME AND FREQUENCY SYNCHRONIZATION

A low complexity generic receiver for 3G-ALE, 4G-
ALE/HF and HF-XL depicted in Figure 4 consists of a time,
frequency and phase synchronization component and a hybrid
Preamble-based and Decision Directed Least Mean Square
DD-LMS channel estimator used to compute a Decision
Feedback Equalizer (DFE) structure composed of feedforward
and feedback filters.

A. System Model

We consider a time and frequency selective channel with
time, frequency, phase offsets and additive white Gaussian
noise (AWGN). The received signal {y(k)} after low-pass
filtering (root raised cosine filter) can be modeled as

L—-1
y(k) = elCmehte) S h(k, Da(k —1—7) + n(k)
=0
= IOkt BT (B)x(k — 7) + n(k)

with 7 the time offset, o the carrier frequency offset, ¢
the carrier phase offset, [ the multipath index and L the
maximum delay spread, h(k) = [h(k,0) ... h(k, L — 1)]T the
time-varying complex-valued channel attenuations of length L,
x(k—71)=lx(k—7)...2(k—7—L+1)]T the oversampled
transmitted vector and n; the AWGN with variance Ny/2 per
dimension.

1) Time, frequency and phase synchronization: Time syn-
chronization is performed on the addition of the TLC/AGC
sequence and the 8-PSK preamble sequence. A peak search
of the correlation function between the received signal and a
stored 8-PSK pseudo-random sequence is performed. Assum-
ing N = Ny.+ Np,e, the optimization problem can be written
as

(D

7= argzna:lc (k)| (2)
with
| V-1
r(k) =+ nz_;) yn+k)z*(n) kel0...Nw—N] (3)
As the correlation function can have several peaks, it

is necessary to search for the first significant peak in the
correlation function.
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Fig. 4. Block diagram of the generic receiver for 3G-ALE, 4G-

Carrier frequency and phase synchronization applies the
iterative frequency estimation algorithm by interpolation on
Fourier coefficients described in [11] to the correlation func-
tion between the received signal and a stored 8-PSK pseudo-
random sequence signal at the time offset estimate or at
the most significant peak of the correlation function. The
algorithm is described in Algorithm 1 with N = Ny 4+ Nppe
and z = [2(0)...2z(IN — 1)] with

z(k) = y(k + 7)z" (k) )

Finally, the data-aided (DA) carrier frequency estimate is given
by & = B+dg
Yy @ = —x

arg(Xo).

, and the DA carrier phase estimate by g?) =

Algorithm 1 Iterative frequency estimation algorithm for DA
carrier frequency and phase synchronization
Let Z = FFT(z), E(k) = |Z(k)?, k=0...N -1
Find 8 = argmaz E(k)
k

2
3

Set 50 =0
Loop : for each ¢ from 1 to @
N-1 5‘*'51'—1 +p
N

S a(n)e 7

4

,p==+0.5

with @ the number of iterations (=2 in the implementa-
tion). The signal is then corrected and downsampled at instants

y(i) (5)

2) Preamble-based and Decision Directed Adaptive Chan-
nel Estimation: Assuming a static channel and after synchro-
nization and downsampling, equation (1) can be rewritten as:

_ y(k)e—j(%akw) -

PP+

y=Xh+n (6)

ALE/HF and HF-XL with time and frequency synchronization

with y = [yo...yn—1]", h(i)

M =L/F.
[ ZTo 0 0 1
x1 Zo
X = 0 (7
TK TK_1 Zo
L TN-1 TN-2 TN-K-1 |
We then perform a QR decomposition of matrix X
A=QR ®)

with Q a unitary matrix and R a lower triangular matrix. The
estimated channel is given by
h=R"'Q"y )
The preamble-based channel estimation is used as an initial-
ization vector in a time-varying multipath channel, for which
we apply the complex LMS algorithm [12] as an adaptive
channel estimation to track its time variations

h(i + 1) = h(i) + Be(i)x* (i) (10)

with

e(i) = y(1) — h()x(i) (11)

the error function and x(7) the training symbols or the de-
cision symbols provided by the Decision Feedback Equalizer
(DFE).

3) Minimum Mean Square Error Decision Feeback Equal-
izer: The DFE feedfoward and feedback filters are defined by
the following equations [13]

1 -
frri = (HVH + =Ty 1) ' hin - (12)



with Ny the number of precursor taps and

hO,i hM—l,i 0 0
H, — 0 ho, har—1,i :
0o ... 0 ho.i hayr—1

13)
a (N1+1) x (N1+ L) channel convolution matrix with h; n, 41
the N1 +1 column of H, V a (N7 + L) x (N7 + L) diagonal
matrix in which the IN; + 1 first elements are 1 and the
remaining M — 1 diagonal elements are O.

fro = —Hf, ifrra (14)

0 07

0
Hy,; = (15)
hy—1: O
L hl,i hM—l,i 0 ... 0 |
The estimated symbols are given by

(i) =}y + £ % (16)

with frr; = [fan,.i- ..foﬂ;]T the feedforward filter, ff,; =
[f_lyi...f_NQ,i]T the feedback filter with N, the num-
ber of postcursor taps, y; = [yiin,...¥i]? and X; =
[#i1 .. & N2}T is a vector of N» previous hard-decided
symbols from the equalizer.

IV. CHANNEL MODELS FOR NARROWBAND AND
WIDEBAND HF

The CCIR and ITU Recommandations F.520-2 and F.1487
are based on the Watterson channel model which is valid for
bandwidths up to 12 kHz with a straighforward configuration
(delay, doppler) [7], [8], although the authors in [9] also show
that the Watterson channel model is still valid for higher band-
widths and wideband HF standards. Each tap of the Watterson
channel model can be implementated using the algorithm
[14] and described in Algorithm 2. Initialization parameters
of the implementation are /=64, doppler spread f,,=0.1 Hz
for ’Good’ and 1 Hz for "Poor’ channels, downsampled rate
fas=96 Hz, sampling rate f, depending on the narrowband
and wideband HF standards, and N,,; the number of channel
samples as described in previous paragraphs.

Another channel model for wideband HF standards is the
Vogler and Hoffmeyer channel model valid for bandwidth
up to 1 MHz with a more complex configuration [10]. An
implementation of the channel model with configuration files
is given in [15].

Algorithm 2 Implementation of the Watterson Channel Model
based on Young’s Method

1 Initialize I, f,,(Hz), fq4s(Hz), fs(Hz), Nio

2fm
2 Set variables o = f,,/2, Af = 7If T J = |fas/AS]
3 Generate Complex Gaussian Random Sequence
g~CN(0,1) withg; andi=0...7—1
4 Generate frequency vector
fi=—fm+iAfwithi=0...1-1

5 Generate Gaussian Spectrum s; =

withi=0...1—-1

6 Multiply Gaussian Spectrum with Random Sequence
7 Zero Pad z = [OL(J_I)/QJI‘OL(J_I)/QJ]

8 Take Shifted IFFT

hys =IFFT([2(J/2...J —1)z(0...J/2 —1)]

9 Upsample by repetition or interpolation

h,, = [iloho...ho...hJ_th_l...hJ_l]

fs/fas fs/fas
10 Get Channel Samples hy,s = [ho ... hn,,,]
h us
11 Normalize h = ¢
”htus H

V. SIMULATION RESULTS

Simulations are conducted to evaluate the performance of
the low-complexity generic receiver with 10* Monte Carlo
simulations.

Figure 5 shows the BER and PDR performance vs SNR of
2G/3G/4G-ALE with the low-complexity generic receiver on
AWGN and random channels. In case of random channels,
random time, frequency and phase offsets are drawn for
each trial with a constant amplitude. It can be observed
that there is no loss of performance on random channels in
comparison with AWGN owing to the time, frequency and
phase synchronization algorithms.

Figure 6 shows the BER and PDR performance vs SNR of
2G/3G/4G-ALE with the low-complexity generic receiver on
CCIR °Good’ and ’Poor’ channels with time and frequency
offsets. In this case, random multipath channels as well as
random time, frequency and phase offsets are drawn for each
trial. It can be observed that the best performance is obtained
with 4G-ALE F-WALE on CCIR "Poor’ channels. Long bursts
have higher probability to have propagation errors due to the
DD-LMS DFE compared to short bursts.

Table I summarizes the performance of 2G/3G/4G-ALE
with the low-complexity generic receiver with time and fre-
quency offsets (TFO) in comparison with standard require-
ments. Except for the 2G-ALE which has a different re-
ceiver, the performance of the proposed receiver is good in
case of Gaussian and CCIR ’Good’ channels with time and
frequency offsets in comparison with standard requirements.
A performance degradation can be observed for 3G-ALE
and 4G-ALE D-WALE on CCIR ’Poor’ channels due to the
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Fig. 5. BER and PDR performance of 2G/3G/4G-ALE on AWGN and random
channels

combination of estimation errors in the receiver introduced
by filtering, up/down-conversion, channel estimation, time and
frequency synchronization, and propagation errors from the
LMS-DD DFE. However, the 4G-ALE F-WALE has a very
good performance on CCIR ’Poor’ channels and is the best
choice for ALE.

TABLE I
REQUIRED SNR FOR A PACKET DELIVERY RATIO OF 95% BETWEEN
STANDARD REQUIREMENTS AND IMPLEMENTATION

Standard/Channel Gaussian/ CCIR Good/ | CCIR Poor/
with TFO with TFO with TFO

2G-ALE 0/ 8.5/8.5(52%) 11/11(21%)

3G-ALE BWO0O -7/ 1/-3 3/1.5

3G-ALE BW1 -7/ 1/0 3/

3G-ALE BW3 -/-2.5 -/1.5 -7

3G-ALE BW5 -7/ 1/-2 3/

4G-ALE D-WALE | -6/-7.5 2/-3.5 4/

4G-ALE F-WALE | 2/-0.5 10/2.5 10/4

Figure 7 shows the BER and PDR performance vs SNR of
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Fig. 6. BER and PDR performance of 2G/3G/4G-ALE on CCIR *Good’ and
"Poor’ channels

4G-HF with the low-complexity generic receiver on AWGN
and random channels with 1 superframe preamble and Short
’S’ interleaver. It can also be observed that there is no loss of
performance on random channels in comparison with AWGN
owing to the time, frequency and phase synchronization algo-
rithms.

Figure 8 shows the BER and PDR performance vs SNR
of 4G-HF with the low-complexity generic receiver on CCIR
’Poor’ channels with time and frequency offsets with 1 super-
frame preamble and Short ’S’ interleaver. It can be observed
that for DD-LMS DFE BPSK and QPSK waveforms offers
the best performance (WID0-6, WID13) while there is a
degradation in performance from 8-PSK to 256-QAM.

Table II summarizes the performance of 4G-HF with the
low-complexity generic receiver with TFO, 1 superframe
preamble, and Short ’S’ interleaver in comparison with stan-
dard requirements with 20 superframes preamble and Long
"L interleaver. Due to the error floor in CCIR Poor channels,
the 10~° BER standard requirements are compared with 95%
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Fig. 7. BER and PDR performance of 4G-HF on AWGN and random channels

PDR for the implementation. It can be observed that BPSK
and QPSK waveforms (WID0-6, WID13) are the best choices
to cope with "Poor’ channels with time and frequency offsets
using the proposed receiver.

Figure 9 shows the BER and PDR performance vs SNR of
HF-XL with the low-complexity generic receiver on AWGN
and random channels with 1 frame interleaver (Ultra Short).
It can also be observed that there is no loss of performance
on random channels in comparison with AWGN owing to the
time, frequency and phase synchronization algorithms.

Figure 10 shows the BER and PDR performance vs SNR
of HF-XL with the low-complexity generic receiver on CCIR
’Poor’ single and multiple (16) channels with 1 frame inter-
leaver (Ultra Short). It can be observed that for DD-LMS DFE
BPSK and QPSK waveforms offers the best performance while
there is a degradation in performance from 8-PSK to 64-QAM.

Table III summarizes the performance of HF-XL with the
low-complexity generic receiver with TFO and 1 frame inter-
leaver (Ultra Short) in comparison with standard requirements
with 72 frames interleaver (Very Long). Due to the error floor
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TABLE I
COMPARISON OF REQUIRED SNR BETWEEN 4G-HF STANDARD
REQUIREMENTS AND IMPLEMENTATION

Waveform/Channel | Gaussian(10—2)/ CCIR Poor(10—2)/
with TFO(10~5) with TFO(95%)

0 -6/-35 175

I 3/35 3005

2 0/-05 5/5

3 335 779

4 5/45 10711

5 6/5 11711

6 973 14718(90%)

7 13713 19/23(30%)

8 16/15 23/27(65%)

9 19/18 27131(72%)

10 217205 31/35(40%)

11 24773 ~140(25%)

12 30/28.5 ~140(0%)

13 6/6 11715

in CCIR Poor channels, the 10~® BER standard requirements
are compared with 95% PDR for the implementation. It can
also be observed that BPSK and QPSK waveforms are the best
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Fig. 9. BER and PDR performance of HF-XL on AWGN and random
channels

choices to cope with "Poor’ channels with time and frequency
offsets using the proposed receiver.

TABLE III
COMPARISON OF REQUIRED SNR BETWEEN HF-XL STANDARD
REQUIREMENTS AND IMPLEMENTATION

Waveform/[ Gaussian(10—2)/ Single- Multi-

Channel with TFO(10~®) | Channel CCIR | Channel CCIR
Poor(10~°)/ Poor(10~2)/
with TFO(95%) with TFO(95%)

64-QAM | 22/20.5 29/33(50%) 31/35(50%)

32-QAM 19/18.5 28/32(63%) 27/31(50%)

16-QAM 16/14.5 24/ 24/28(56%)

8-PSK 14/11.5 21/ 21/25(66%)

QPSK 9/7.5 15/ 18/22(72%)

BPSK 6/4 12/ 14/

VI. IMPLEMENTATION ON GPP-BASED SDR

The low-complexity generic receiver minimizes and sim-
plifies the receiver, which is important in military portable
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Fig. 10. BER and PDR performance of HF-XL on CCIR ’Poor’ single and
multiple (16) channels

equipment. The different narrowband and wideband HF stan-
dards have been successfully implemented in C++ using open-
source libraries (Qt, UHD, IT++, GStreamer) and are able
to run in real-time on a laptop running Linux connected
with USRP B205-mini software defined radios and Ham It
Up for up/down-conversion to HF frequencies. A spectrum
representations of 2G, 3G, 4G and HF-XL standards in the
HF software with USRP B205-mini software defined radios is
given in Figure 11.

The software has also been combined with an open-source
implementation of STANAG 5066 [16], [17] for email transfer
and a modified version for generic IP transfer. A software rep-
resentations of the 2G-ALE with Open5066 for mail transfer
is given in Figure 12.

The HF software and USRP B205-mini allow to perform
the necessary handshakes and wideband sensing procedures
of 4G-ALE as shown in Figure 13.
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Fig. 11. Spectrum representations of 2G, 3G, 4G and HF-XL standards in
the wideband HF software with USRP B205-mini software defined radios
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Fig. 12. Combination of the 2G-ALE with Open5066 for mail transfer

A. Possible improvements

Possible improvements of the implementation are turbo-
equalization, iterative time-frequency-phase synchronization,
and iterative channel estimation although it would require
more computation time that could hinder the real-time capa-
bility of the GPP-based software.

Possible improvements to Open5066 and more generally
to STANAG 5066 and 5070 are the channel access sub-layer
and ARQ for frequency and rate adaptation of wideband HF
waveforms.

Another possible improvement for 4G-ALE is to make it
interoperable with HF-XL waveforms on 192 kHz bandwidth.

This implementation could also be tested with other imple-
mentations for interoperability and to improve the implemen-
tation, fix bugs etc. (e.g. Harris radios from Belgian Army,
CWIX with other nations).
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Fig. 13. 4G-ALE procedure

VII. CONCLUSION

This paper has described a low complexity generic receiver
with channel estimation, time and frequency synchronization
for 2G, 3G, 4G and HF-XL standards and a performance
evaluation in terms of BER or PDR vs SNR on narrowband
and wideband HF channel models. It is shown that time
and frequency synchronization as well as channel estima-
tion/tracking affect the performance of the receiver in case
of multipath channels.

The implementation runs in real-time on a Linux laptop
connected with USRP B205-mini software defined radios and
Ham It Up for up/down-conversion to HF frequencies. The HF
software and USRP B205-mini allow to perform the necessary
handshakes and wideband sensing procedures of 4G-ALE.
The software has also been combined with an open-source
implementation of STANAG 5066 for email transfer and a
modified version for generic IP transfer. Future improvements
of the implementation have also been proposed.

ACKNOWLEDGEMENTS

This research work has been supported by the Belgian MoD
project DAP21-01.

REFERENCES

[1] MIL-STD-188-141B Interoperability and Performance Standards for
Medium and High Frequency Radio Systems, US Department of Defense
Interface Standard, March 1999.



[2] STANAG 4538 Technical Standards for an Automatic Radio Control
Systems (ARCS) for HF Communications Links, Edition 1.0, NATO
Unclassified, February 2009.

[3] MIL-STD-188-141D Interoperability and Performance Standards for
Medium and High Frequency Radio Systems, US Department of Defense
Interface Standard, December 2017.

[4] MIL-STD-188-110D Interoperability and Performance Standards for
Data Modems, US Department of Defense Interface Standard, December
2017.

[S] STANAG 4539 Technical Standards for Non-Hopping HF Communica-
tions Waveforms, Edition A Version 3.0, NATO Unclassified, March 2020.

[6] STANAG 5069/Acomp-5069 Technical Standards for Wideband Wave-
forms for Single Non-Hopping, Flexible-Bandwidth HF Channels, Edition
A Version 1.0, NATO Unclassified, March 2020.

[7] C. Watterson, J. Juroshek, and W. Bensema, Experimental confirmation
of an HF channel model, IEEE Transactions on Communications Tech-
nology, Vol. COM-18, No. 6, December 1970.

[8] Recommendation ITU-R F.1487, Testing of HF modems with bandwidths
of up to about 12 kHz using ionospheric channel simulators, 2000.

[9] W. N. Furman, J. W. Nieto, and W. M. Batts, Evaluating the propagation
characteristics of contiguous wideband channels, Nordic HF conference,
2019.

[10] L. Vogler and J. Hoffmeyer, A Model for Wideband HF Propagation
Channel, Radio Science, Vol. 28, No. 6, pp. 1131-1142, Nov.-Dec. 1993.

[11] E. Aboutanios and B. Mulgrew, Iterative Frequency Estimation by Inter-
polation on Fourier Coefficients, IEEE Transactions on Signal Processing,
Vol. 53 , No. 4, April 2005.

[12] B. Widrow, J. McCool, and M. Ball, The Complex LMS Algorithm,
Proceedings of the IEEE, Vol. 63, No. 4, pp. 719-720, April 1975.

[13] R. Otnes, Improved Receivers for Digital High Frequency Commu-
nications: Iterative Channel Estimation, Equalization, and Decoding
(Adaptive Turbo Equalization), PhD thesis, Norwegian University of
Science and Technology, 1998.

[14] D. Young and N. Beaulieu, The Generation of Correlated Rayleigh Ran-
dom Variates by Inverse Discrete Fourier Transform, IEEE Transactions
on Communications, vol. 48, pp. 1114-1127, July 2000.

[15] D. Sutherland, Software Implementation of a Wideband HF Channel
Transfer Function, NTIA Report 98-348, 1998.

[16] STANAG 5066 Profile for HF Radio Data Communications, Edition 3.0,
NATO Unclassified, March 2015.

[17] S. Kellomiki, Open5066, https://zxid.org/s5066d/index.html.



