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B Outline

* Provide overview of FBMC-SS waveform
— Transmitter structure
- NMF-based receiver structure
— Discuss spectrum and bandwidth

* Present simulated results in challenging channel environments
— Cases:
- 2 path channel with 2" path frequency offset
- 2 path mid-latitude disturbed and “very poor” channels
 Large narrowband interferer
« Highly congested interference case
+ Highly dynamic interference case

» Conclusion
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B FBMC-SS transmitter

* Filter bank multicarrier spread-spectrum (FBMC-SS)
— Symbols spread over K non-overlapping adjacent subcarriers
- Waveform can be optimized to have low PAPR (PAPR < 4.5 dB)
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Figure 1: FBMC-SS transmitter structure
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B FBMC-SS transmitter

- Data is encoded along subcarrier
phases using multicodes

— A = Vk,nek,n

~ Yk.n- SPreading gain for k-th
subcarrier at symbol time n

— 0y . the spread-spectrum ‘chip’ for
k-th subcarrier at symbol time n
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Figure 1: FBMC-SS transmitter structure;
multicode ‘chips’ are written in blue.
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B FBMC-SS receiver

« Normalized Matched-Filter (NMF) [1]
— Matched filtering with blind subcarrier normalization
— Blindly approximates maximum ratio combining

* Improved packet detection in presence of high partial-band interference
- Efficient implementation with overlap-add method

yO) —> 971 > a) = ) ) Sanl(Y)

__________________

Figure 2: Basic NMF Receiver structure

[1]1 D. B. Haab, H. Moradi, and B. Farhang-Boroujeny, "Spread Spectrum Symbol Detection With Blind
5 Interference Suppression in FBMC-SS," in IEEE Open Journal of the Communications Society, vol. 2, pp. IDAHO NATIONAL LABORATORY
1630 1646, 2021, doi: 10.1109/0JCOMS.2021.3090356.




B FBMC-SS receiver

- Additional receiver details:

— Preamble detector tests multiple candidate Carrier Frequency
Offsets (CFO)

 This improves packet detection in presence of large CFO
- Inserted pilots allow for detection of additional modes of propagation

— Different spreading gains applied to each symbol reduce the impact
of inter-symbol interference (ISI)
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Il FBMC-SS waveform parameters

* Parameters chosen based on [2] Table 1: Waveform parameters

to match MIL-STD-188-110D,
WFID 0 (Walsh), 48 kHz waveform

— Direct sequence spread-spectrum Number subcarriers 40

* Receiver given no channel | Symbol rate 600 sym/sec

Iunsfggrr;g;flgral;c;acrgzereceIVer settings Subcarrier bandwidth 1200 Hz
Null-to-null bandwidth 48 kHz

Modulation order 4 bits/sym

Modulation type Orthogonal

Inserted pilot rate 1 pilot every 6 data syms

Payload size 2048 bits

7 [2] J. Nieto, W. Furman, W. Batts, “A Comparison of Published Waveform Design Techniques Used for Reliable
HF Communications,” Proceedings of the Nordic HF Conference HF22, 2022. IDAHO NATIONAL LABORATORY




ll FBMC-SS waveform parameters

Table 1: Waveform parameters

O | | | | Parameter Value
10k i
= m ﬂ m | Number subcarriers 40
g -%0¢ Symbol rate 600 sym/sec
o400t
5_50 _ | Subcarrier bandwidth 1200 Hz
-60 - Null-to-null bandwidth 48 kHz
Ry 12 0 12 21 Modulation order 4 bits/sym
Frequency [kHz] .
Figure 3: Frequency response of transmit pulse- AEelUlEE e Ortiogeiel
shaping filter with parameters given in Table 1 Inserted pilot rate 1 pilot every 6 data syms
Payload size 2048 bits
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B Bandwidths

« MIL-STD-188-110D defines bandwidth as the width in frequency containing 99%
of the signal power.

 Following this definition, for a nominal bandwidth of 48 kHz, the 99% bandwidth
IS:

- WWalsh = 44,700 Hz

* For the associated FBMC-SS waveform,
- WFBMC—SS = 47,150 Hz
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ll Bandwidths (cont.)

+ 99.74% of the signal energy is
contained in the same bandwidth
for both waveforms
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Figure 4: Signal bandwidth as function of ratio of
power within bandwidth
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ll Bandwidths (cont.)

+ 99.74% of the signal energy is
contained in the same bandwidth
for both waveforms

— At this point, the bandwidth is
W99_74% — 475 kHZ

— This point remains below the
nominal bandwidth of 48 kHz
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Figure 4: Signal bandwidth as function of ratio of
power within bandwidth
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ll Bandwidths (cont.)

+ 99.74% of the signal energy is
contained in the same bandwidth
for both waveforms

— At this point, the bandwidth is
W99_74% — 475 kHZ

— This point remains below the
nominal bandwidth of 48 kHz

- For FBMC-SS, nearly all signal
power is confined to 48 kHz

- Improved adjacent channel 10 15 20
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Figure 5: Power spectral density of Walsh and
FBMC-SS transmit pulse-shaping filters
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B Simulated channels

» Several HF channel conditions are

simulated, following [2]: L

— 2 path frequency offset channel I
* Npath = 2,Tg = 2 ms, 3
foath #2 = {0,1,10,25} Hz g
=

0- 2
s
fooin 29 Delay [ms]
Doppler [Hz| path # 0

Figure 6: Delay-Doppler representation
of 2 path, frequency offset channel

13 IDAHO NATIONAL LABORATORY




B Simulated channels

- Several HF channel conditions are —
simulated, following [2]:

— 2 path frequency offset channel 5 1
* Npath = 2,Tqg = 2 ms, e e
fpath #2 = {0,1,10,25} Hz = ;Z: M ‘\H o R

— 2 path Mid Latitude Disturbed (MLD) 3; 15 | M’W ’ W\ ;o 20
and “Very Poor” (VP) channels [3] g0 M ! . 25

’ Npath =2,Tqg = 2 ms, 25+ 'WWMW WM 2 -30

D; ={1,10} Hz -30 - T P

Doppler [Hz|

Figure 7: Delay-Doppler representation
of VP channel

14 [3] ITU-R Recommendation F.1487, “Testing of HF modems with bandwidths of up to about 12 kHz using
lonospheric channel simulators,” 2000 IDAHO NATIONAL LABORATORY




B Simulated channels

- Several HF channel conditions are
simulated, following [2]:
— 2 path frequency offset channel
* Npath = 2,Tqg = 2 ms,
fpath #2 = {0,1,10,25} Hz
— 2 path Mid Latitude Disturbed (MLD)
and “Very Poor” (VP) channels [3]
* Npath = 2,Tqg = 2 ms,
D, = {1,10} Hz

+50

Tx signal
Interference
1951 — — Avg. signal power | |

signal [ et ey e ey

25+

=50 F

-75

-24 -16 -8 0 8 16 24

Power relative to average signal power [dB]

— |ldeal channel with narrowband
interference Frequency [kHz]
* Npath = 1, Piner = {—0, 15,50} dB Figure 8: Power spectral densities of signal

and interference for P, = 50 dB
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ll Results legend

- Results for each transceiver system

are color coded
Table 2: Example color-coded

table containing results

Waveform Type Result
I INL FBMC-SS
INL FBMC-SS Result 1
I Nordic FBMC-SS [2]
Nordic FBMC-SS Result 2
- Walsh [2] Walsh Result 3

16 IDAHO NATIONAL LABORATORY




I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results legend =

17
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

1071 , . .
& —e—fpath#QZOHz
—fpath # 2 =1 Hz ||
1. ’ 10—2 —X= fpath # 2 i ;g EZ .
o "*"fpath#2_ 7z
o _
i = 10|
2 m :
&
2 L
1074+
0 - 2 i
\
0 _
Delay [ms] 107° :
Doppler [Hz] fpath #2 0 12 11 10 9 8 7 6 5
oppier e SNR [dB]
Figure 6: Delay-Doppler representation of Figure 9: INL FBMC-SS waveform performance in 2 path
simulated channel channel with 2" path frequency offset
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

10_1 L T T T
s _e_fpath#2:0Hz
[ —'|—'fpath#2:1HZ ]
10_2 | —X— fpath # 2= 10 Hz ]
Q’_). L
B 1073}
an} i
1074}
10_5 1 1 1 L 1 1
-12 -11 -10 -9 -8 -7 -6 -5

SNR [dB]

Figure 9: INL FBMC-SS waveform performance in 2 path
channel with 2" path frequency offset

19

BER

1.E+0

1E-1

SNR in 48 kHz (2 dB per division)

MCFB O Hz  ==eeeeeee MCFB1Hz = = = MCFB 10 Hz = -—— MCFB 25 Hz

Figure 10: Nordic FBMC-SS results from [2]. Results for
the Walsh waveform have been removed for clarity. Note
that MCFB is interchangeable with FBMC-SS
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

- SNR penalty to achieve a BER = 1073
relative to the channel fya 42 = 0 Hz

Table 3: Comparing results to [2]

foath#2 = | fpath#2 = | fpath#2 = | fpath#2 =
fl/p p p p
303;:: © 0 Hz 1 Hz 10 Hz 25 Hz % 163 N B C D
(point A) (Ato B) (Ato C) (Ato D)
Nordic 0 dB o
FBMC-SS £ point 0.75dB | 6.25dB 12.5 dB
2] (ref. point) 1E5

SNR in 48 kHz (2 dB per division)

- MCFBOHz --++++=-=-MCFB1Hz = = = MCFB 10 Hz = =—— MCFB 25 Hz

Figure 10: Nordic FBMC-SS reported in [2] with points
added where BER = 1073

20 IDAHO NATIONAL LABORATORY




I INL FBMC-SS
I Nordic FBMC-SS [2]
I Walsh [2]

Bl Results for 2 path, freq. offset channel

- SNR penalty to achieve a BER = 1073
relative to the channel fya 42 = 0 Hz

1071 . . .
7 _e_fpath#2:0HZ
. i _'[_'fpath#QleZ
Table 3: Comparing results to [2] o2 - foath 4 2 = 10 Hz | |
f _ f _ f _ f _ : "'*"fpath#2:25 Hz
Source of path #2 — path #2 — | /Jpath #2 — path #2 —
da 0 Hz 1Hz 10 Hz 25 Hz = P
(pointA) | (AtoB) | (AtoC) (Ato D) e 107 g :
Nordic 0 dB |
FBMC-SS : 0.75dB | 6.25dB 12.5 dB 107*
(ref. point) i
[2]
INL 0dB 1075 . x 1 . | |
: 0dB 0dB 0dB 12 11 10 9 8 7T 6 5
FBMC-SS | (ref. point) SNR [dB]|
Figure 11: INL FBMC-SS results with points added
where BER = 1073
21
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

« Additional SNR required to improve

BER from 1074 to 1073

v ASNR for

Table 4: Comparing marginal SNRs l fpath w2 = 25 Hz
ASNR for |ASNRfor | ASNRfor | ASNR for | )\
Waveform | fpath#z = [fpath#2 =| fpath#2 = | fpath#z = & .cs
0 Hz 1Hz 10 Hz 25 Hz ASNR for
1.E-4 fpath #2 = 0Hz
ALl 27dB | 28dB | 44dB | 9.8dB

FBMC-SS[2] | < ' ' '

SNR in 48 kHz (2 dB per division)

- MCFB 0 Hz **MCFB1Hz = = = MCFB 10 Hz = — MCFB 25 Hz

Figure 12: Nordic FBMC-SS from [2] showing the change
in SNR required to improve BER from 1072 to 1073
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

« Additional SNR required to improve
BER from 1072 to 1073 101

—— fpath # 2 =1 Hz ||
=% Jpath # 2 = 10 Hz

Table 4: Comparing marginal SNRs 1072 | .
---*--fpath#2=25 Hz
ASNR for |ASNR for | ASNR for ASNR for
Waveform foath#2 = |fpath #2 =| fpath #2 = | fpath #2 = B
OHz | 1Hz 10Hz | 25Hz 5 10

ASNR for N
fpath 42 =10,1,10,25} Hz

Nordic :
FBMC-SS [2] 2.7 dB 2.8 dB 4.4 dB 9.8 dB 10-4
INL FBMC-SS | 2.1 dB 2.1dB 2.1dB 2.1dB 107° ' | ' . . l
12 11 -10 -9 8 -7 6 -5

SNR. [dB]
Figure 13: INL FBMC-SS results showing the change in
SNR required to improve BER from 1072 to 1073
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Results for 2 path, freq. offset channel —_h—

« Additional SNR required to improve
BER from 1072 to 1073

1.E-1

ASNR for
fpath#z =25Hz

Table 5: Comparing marginal SNRs to Walsh performance in [2]

ASNR for | ASNRfor | ASNR for ASNR for
Waveform foath#z = | fpath #2 = | fpath #2 = | fpath#2 =

BER
=
m
w

oo\
0 Hz 1Hz 10 Hz | 25Hz AR K N
- {ol,)it,hﬁ)z} Hz % \
bkl 19dB | 1.9dB | 1.9dB | 2.0dB \

reported in [2] | .

SNR in 48 kHz (2 dB per division)

INL FBMC-SS | 2.1dB | 2.1dB 2.1dB 2.1dB

Walsh QO Hz = eeeeeeees Walsh 1 Hz
- = =\Walsh10Hz == = Walsh 25 Hz

Figure 14: Walsh waveform performance reported in [2].
Lines are added depicting marginal SNR
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B Results for MLD and VP channels

« 2 channels with Doppler spreads are

simulated 10
- Mid latitude disturbed (MLD) 5 - E

* Dy =1Hz ~§‘ f ~B

— Very Poor (VP) %_;0: W l’q“! ? 1

o DS = 10 Hz éﬁ ’«m M{k\h ;:o -20

= | -25

-30

-35

Doppler [Hz|

Figure 7: Delay-Doppler representation of
simulated “Very Poor” (VP) channel
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ll Results for MLD and VP channels

26
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|
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-25 .10 0 15 o5 Delay [ms]

Doppler [Hz]

Figure 7: Delay-Doppler representation of
simulated “Very Poor” (VP) channel

I INL FBMC-SS
I Nordic FBMC-SS [2]

I Walsh [2]
100 ¢ : :
; ——MLD| |
I — — VP ]
101
£ ~
s ~
~
~
~
~
o RS
-2
Lﬂ 10 ~ <
aa] ~
N N
T ~
~
10_3 e ™~ ~ -
r =~ ]
~ - 1
1074 L

-12 -10 -8 -6 -4 -2 0 2 4 6
SNR [dB]

Figure 15: MLD and VP performance of INL
FBMC-SS implementation

IDAHO NATIONAL LABORATORY




I INL FBMC-SS
I Nordic FBMC-SS [2]

B Results for MLD and VP channels B Weish (2

100 F T T T T T T T T ] LEL0
3 ——MLD|
— —VP |]
~ ] 1E1 \\\ S
10_1:— \\\ 3 .\‘\, ‘k‘i—"*—»\
: ~_ - D B i ™
o~ ] 1E-2 ™~
o o~ ~ — B T~
= 1072 R : & \\\
L 1 1E3 ——
~
~
1073 E ~ ~ — =
i ~ ~ \; 1.E-4
10_4 E | 1 1 I | | | 1 x|
1.E-5
-12 -10 -8 -6 S_;R [d—é] 0 2 4 6 SNR in 48 kHz (2 dB per division)
MCFB MLD - = = MCFB VP
Figure 15: MLD and VP performance of INL _ _
FBMC-SS implementation Figure 16: Nordic FBMC-SS performance for MLD

and VP channels reported in [2]. Walsh results
removed for clarity.
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I INL FBMC-SS
I Nordic FBMC-SS [2]

B Results for MLD and VP channels B Weish (2

Table 6: Comparing results of Walsh
performance to our FBMC-SS performance

1E1

ASNRyp = 8.3 dB Source of ASNR 1D, ASNRyp,

results Ds=1Hz | D, =10Hz

1.E-2

BER

Walsh,
reported in [2]

1.E-3

+5.5 dB +8.3 dB

1.E4

1.E-5

SNR in 48 kHz (2 dB per division)

Walsh MLD = = =Walsh VP

Figure 17: Additional SNR required to improve
BER from 1072 to 103 for Walsh reported in [2]
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B Results for MLD and VP channels

BER

1074 L

Figure 18: Additional SNR required to improve
BER from 1072 to 1073 for INL FBMC-SS
implementation

29

10°
1071 E
1072}

1073

ASNRyp = 6.4 dB
|

— MLD]]

— VP

ASNRyp = 5.4 dB

>

I INL FBMC-SS
I Nordic FBMC-SS [2]
I Walsh [2]

Table 6: Comparing results of Walsh
performance to our FBMC-SS performance

-6 4 -2 0

SNR [dB]

Source of ASNRy1D, ASNRyp,
results Ds=1Hz | D, =10Hz
Walsh

reported in [2] +5.5 dB +8.3 dB
INL FBMC-SS +5.4 dB +6.4 dB
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ll Narrowband interference test case

« AWGN channel with interferer

* Interferer has a constant power S 40f Tx signal
spectral density = P+ dB greater g e power
than the average signal energy. 78; i |

=)

 Following results test P, = '%opsignal‘ IO R T ey

_ 0
{ 00,15,50} dB g 5
:
};» 501
)
- SRR I BN
% -24 -16 -8 0 8 16 24
e Frequency [kHz]

Figure 8: Depiction of interference power relative
to signal in the frequency domain

IDAHO NATIONAL LABORATORY
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I INL FBMC-SS
I Nordic FBMC-SS [2]

- Results with Narrowband interference B Vaish 2

10_1 F T T T T T T ] e
] LEH
& ©— Pipgf, = —00 dB|
L~ == Pintf. =15dB
I N —% Pipts, = 50 dB 1E-1
102 L ‘ - £
E " s |
1E-2 N =
\&\ ~ .
\ B —~—
S ~.
ast N\ N s W -
B 1073 ] 5 1E3 \\\ ~<_
M i 1% ]
kg
\ \
1.E-4 \\,\ \\
\ \
1074} . X
i ] 1E-5 \
\; 1.E-6
-12 -11 -10 -9 -8 -7 -6 -5 SNR in 48 kHz (1 dB per division)
SNR’ [dB] MCFB - = = MCFB 15 dB Jammer =— - MCFB 50 dB Jammer

Figure 19: INL FBMC-SS performance results with

: : Figure 20: Nordic FBMC-SS results reported in [2] with
varying levels of interference power

varying levels of interference power. Walsh removed.
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[ INL FBMC-SS

. . I Nordic FBMC-SS [2]
B Results with Narrowband interference B Weish 2
107 ¢ . . . . . . .
8- e —S— Pipgf, = —o0 dB
S S — Ppgp, = 15dB
I ESER —%- P¢ =50 dB
1077 ¢ =
% 107 5 The NMF operation greatly
reduces the impact of interference
10—45-
2 a0 9 s 7 6

SNR, [dB]

Figure 19: INL FBMC-SS performance results with
varying levels of interference power
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Il Comparing results by matching AWGN T

* To compare with the Walsh
reported in [2], the plots can be
overlaid N
B
1.E-2 \ \\
\ P
o \ T~ -~
. 1.E-3 \ e = o
\
N
1.E-4 \ \
\ \
\\ \

SNR in 48 kHz (1 dB per division)

e \N/ 2l sh = = = Walsh 15 dB Jammer === == \Walsh 50 dB Jammer

MCFB = = = MCFB 15 dB Jammer == = MCFB 50 dB Jammer

Figure 21: Performance results of Walsh and
Nordic FBMC-SS presented in [2]
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Il Comparing results by matching AWGN B Wi 2

100 1.E4+0
10_1 N 1.E-1
-~
o S
1E2 \= -~
1072 - ' \ ~
\
\ ~
- -
1.E-3 \ T ~~
-3 L E- -
10 \ ~~
\ A
E-4 \
10_4 | b | Al - | | L \‘ |
\ \
' \
\
1.E-5 \\ \ \
1 dB per
division
1.E-6
SNR in 48 kHz (1 dB per division)
— \\alsh = = = \Walsh 15 dB Jammer === == \Nalsh 50 dB Jammer
MCFB = = = MCFB 15 dB Jammer = —— MCFB 50 dB Jammer

Figure 22: Fit our axes to figure 4 in [2]
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ll Comparing

35

BER

10!
102}
102}
1041
10
Reported results |2] Our results
Walsh FBMC-SS, P, = —oo dB
= = = Walsh 15 dB Jammer - — = FBMGC-SS, P, = 15 dB
e = \Nalsh 50 dB Jammer ——= FBMGC-SS, P, = 50 dB

Figure 23: Walsh performance reported in [2] compared
against our INL FBMC-SS performance in the presence of
narrowband interference

I INL FBMC-SS
I Nordic FBMC-SS [2]

results by matching AWGN B Weish 2
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Il Comparing results by matching AWGN T

1021
Table 7: SNR loss at BER = 1073 as power of
narrowband interference increases = o5
m ™oL
Walsh a
Interference INL FBMC-
results from 104
Power Level 2] SS results
10-° ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
—oo dB Reference | Reference SNR [dB] (1 dB per division)
15 4B 1 4B 0.2 dB Reported results [2] Our results
+ +0.
Walsh FBMC-SS, P, = —co dB
= = =Walsh 15 dB Jammer - — — FBMC-SS, P, = 15dB
+ +
50 dB 45 dB 04 dB — — Walsh 50 dB Jammer ———= FBMC-SS, P, = 50 dB

Figure 24: Walsh performance reported in [3]
compared against our INL FBMC-SS implementation
in the presence of narrowband interference
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ll Multiple narrowband interferers

- 2 cases with multiple narrowband 120
interferers:

1. 4, 3 kHz interferers placed
randomly and nonoverlapping in
passband

2. 8, 3 kHz interferers placed
randomly and nonoverlapping in
passband

100 = —

©
(a)

Magnitude [dB]
8

S
o
T

* Pihig = 50 dB for each interferer 20

20 -15 -10 -5 0 5 10 15 20
Frequency [kHz|

Figure 25: Received FBMC-SS signal polluted with 8
3 kHz wide interferers over signal passband
at SNR = —-10dB
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ll Multiple narrowband interferers

* In AWGN channels, the loss is bounded is 20
bounded by:

VVintf
Su

100 m ™

o
o
T

— Loss due to reduced processing gain from
reweighted subcarriers

Magnitude [dB]
8

- For these cases, loss is bounded by:
- ASNR8 intfs. S 699 dB
~ ASNR inifs. < 2.22 dB o

S
o
T

20 -15 -10 -5 0 5 10 15 20
Frequency [kHz|

Figure 25: Received FBMC-SS signal polluted with 8
3 kHz wide interferers over signal passband
at SNR = —-10dB
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Il Multiple narrowband interferers
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Figure 25: Received FBMC-SS signal polluted with 8 Figure 26: BER performance of INL FBMC-SS
3 kHz wide interferers over signal passband implementation in both interference cases

at SNR=-10dB
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ll Multiple narrowband interferers

- For these cases, loss is bounded by: 100 , . . , . 5
— ASNRg jnis. < 6.99 dB § vl
= ASNR inirs. < 2.22 dB 101 ‘ ¢ 8 Ints. ||

- Observed loss at BER = 107%:
~ ASNRg i¢rs. = 5.28 dB
~ ASNRy ipirs = 1.77 dB

M 1072t
M :

1073}

1074

-12 -10 -8 -6 -4 -2 0
SNR, [dB]

Figure 26: BER performance of INL FBMC-SS
implementation in both interference cases
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ll Swept tone interference

- A single tone with P, = 50 dB 0

100
Packet start

- Tone sweeps in frequency at rate .

of: 0.5 80
1. 3 kHz in 20 seconds (150 Zﬁ -
Hz/sec) = 1 N E
2. 12 kHz in half of packet £ Packet end o 2
interval (~21.2 kHz/sec) = r .

o =N
o O

-24 -16 -8 0 8 16 24
Frequency [kHz|

Figure 27: Spectrogram of received FBMC-SS signal
polluted with an interferer swept at rate of 21.2
kHz/sec
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I INL FBMC-SS
I Nordic FBMC-SS [2]

ll Swept tone interference -

0

Packet start = = 107"
0.5 [
1072 3 3
[}
— 1 S, o [
e, ]
el 1 -3 - =
é Packet end é % 0 i 1
i} :
1.5 =, \ L : 1
1077 —©—Pyyg =-00dB | O N REHE R
9 " |—1— Sweep rate = 150 Hz/sec SN
- | —%— Sweep rate = 21.2 kHz/sec oo X
1075 ' - ' ' - EEA\ A
12 -11 -10 -9 -8 -7 6 -5 -4
-24 -16 -8 0 8 16 24
Frequency [kHz] SNR, |dB]
Figure 27: Spectrogram of received FBMC-SS signal Figure 28: BER performance of INL FBMC-SS
polluted with an interferer swept at rate of 21.2 implementation in the presence of a high-power
kHz/sec swept interferer
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B Conclusion

+ FBMC-SS receiver can be designed to effectively handle:
— 2-path channels with T,,,qe = 2 ms and significant f-gg
— 2-path HF channels with Ty, = 2 ms and D, = {1,10} Hz
— High powered interference, P, = 50 dB
» Further, FBMC-SS can be effectively recovered when the propagation channel
contains:
— Significant congestion from other users
— Highly-dynamic interference
— This performance is an intrinsic feature of the FBMC-SS structure

* All results generated using a transceiver pair provided with no information about
any impairments present in channel
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I INL FBMC-SS
I Nordic FBMC-SS [2]

e Appendix A: Freq. offset channel B Weish 2]

1.E+0

10_1 L T T T T
_e_fpath#2:0Hz ]
' — - fpath 42 = 1 Hz : 1E-1
1072 L —% Jpath # 2 = 10 Hz |
; e fpath # 2 = 25 Hz ; _—
Dj‘ 3
g 10772 ¢ G 1E3
I 1E-4
10741
1E-5
F ] \
\
10_5 1 1 1 1 1 1 \
-12 -11 -10 -9 -8 -7 -6 -5 LE-6
SNR [dB] SNR in 48 kHz (2 dB per division)
. . . . Walsh O Hz =~ seeeeeees Walsh 1 Hz
Figure A1: INL FBMC-SS implementation performance in 2 - = =Walsh10Hz — — Walsh 25 Hz

path channel with 2" path frequency offset
Figure A2: Reported Walsh results from [2]
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I INL FBMC-SS
I Nordic FBMC-SS [2]

ll Appendix B: fitting in AWGN =

1.E+0

10°
1E1
[ ~
N
1E-2 \ > L -
\ el
oc \ =~ — ~
W 1E3 \ e | B =u]
\ B
\
LE4 Al \
\ \
\
\ \\ \\
1ES . |
s SNR [dB] (1dB per division)
SNR in 48 kHz (1 dB per division)
e \N alsh = = = \Nalsh 15 dB Jammer === == \Walsh 50 dB Jammer Figure BZ: Performance Of our
MCFB ~ — = MCFB 15 dB Jammer — — MCFB 50 dB Jammer imp|ementation in AWGN

Figure B1: 48 kHz waveform comparisons in AWGN with
varying levels of interference
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Appendix B: fitting in AWGN (cont.) = i 2

1.E+0

1E1

BER

1°E:3

1625 ‘

SNR in 48 kHz (1 dB per division)

e \W alsh = = = Walsh 15 dB Jammer === == Walsh 50 dB Jammer

MCFB = = = MCFB 15 dB Jammer == == MCFB 50 dB Jammer

Figure B1: 48 kHz waveform comparisons in AWGN with
varying levels of interference
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Figure B3: Matching aspect ratio to that of
Fig. B1
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Appendix B: fitting in AWGN (cont.) = i 2
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MCFB = = = MCFB 15 dB Jammer =— =—— MCFB 50 dB Jammer

Figure B4: fit our axes to given Figure with performance of

our implementation to provide approximate SNR values
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I INL FBMC-SS
I Nordic FBMC-SS [2]

Bl Appendix B: fitting in AWGN (cont.) = i 2

100
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e \\/ 25 h = == = \Walsh 15 dB Jammer === == \\/alsh 50 dB Jammer
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Our implementation

Figure B5: Unifying and extending axes
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Il Appendix C: Severe, dynamic interference

Packet start

=
E
rf -2 15 -1 -0.5 0 0.5 1 1.5 2
Frequency [Hz| x10%
Figure C1: 4 swept tones polluting passband of
FBMC-SS signal. Each tone has P;,s = 50 dB.
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Figure C2: BER performance of FBMC-SS
performance in interference scenario
presented in Fig. C1.
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