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Chain overview

Objective: development of software components of a 5G communication chain
using AFF3CT library

 Development of modules with AFF3CT

« Evaluate the performance of the chain, in term of error correction
capability and eventually in terms of energy consumption

« Hardware in the loop test: AFF3CT chain with software modules and
hardware modules
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Chain overview

Chain = Up-link Shared Channel (UL-SCH) + Physical Up-link Shared Channel (PUSCH)

« Simplified overview

UL-SCH PUSCH
Uy CRC, LDPC Encoding, ,
Interleaver, etc.
Channel
— — — —
— —» —> U
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Chain overview

Chain = Up-link Shared Channel (UL-SCH) + Physical Up-link Shared Channel (PUSCH)

« Simplified overview

UL-SCH PUSCH
CRC, LDPC Encoding, Scrambling, QAM modulation,
U ———p —
Interleaver, etc. OFDM modulation, etc.
Channel
AWGN f—] CamerOffset b 1 hoay  fe— ISI (Proakis C) fe—
Frequency

OFDM synchronization, Channel
=%  equalization, Demodulation, —>
Descrambling, etc.

Deinterleaver, LDPC
decoding, CRC check, etc.

(r22cca . AFF3CT Day | Joachim Rosseel | 28/11/2024 7



Chain overview

Chain = Up-link Shared Channel (UL-SCH) + Physical Up-link Shared Channel (PUSCH)
* Full chain: Transmitter = 15 blocs, Receiver = 17 blocs
— numerous parameters
* Implementation in Pyaf

= modules in C++, main and some auxiliary functions in python
* Recently implemented = OFDM related modules

Metrics to evaluate the chain performance
« Frame Error Rate (FER)
* Delay estimation
* Frequency shift estimation
 Energy consumption (next step)
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OFDM modules in the chain

End of PUSCH (TX part)

A

|

QAM Pilots fqr O.FDM OFDM OFDM sync.
symbols equalization modulation preamble
Channel
AWGN fe—] CarmerOfiset i pejay ke IsI (Proakis C) fe—
Frequency
OFDM timi OFDM OFDM pilot OFDM channel Received
Ll iming | I R pilots | ) channe QAM

synch. demodulation extraction equalization symbols

\

|

Start of PUSCH (RX part)
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OFDM modulation

OFDM = Orthogonal Frequency Division Multiplexing

Numeric signal redistributed over several sub-carriers frequencies

Inverse Fast Fourier Transform (IFFT) of input ¢, QAM symbols
Ngyp—1

jZnEt
u(t) = c,e T 0<5t<T
k=0

N .., = Number of sub-carriers frequencies , T = OFDM symbol duration

Space between 2 sub-carriers: Af = 1/T
 Total bandwidth B = N ,Af (Hz)

« Orthogonality between 2 signals with 2 # sub-carriers = Limited Inter Symbol
Interferences (ISI)
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OFDM modulation

» To fully cancel ISI: Cyclic Prefix (CP) before each symbol

OFDM symbol, duration T

A
| 1

\_'_I

End of OFDM symbol, duration Tg
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OFDM modulation

» To fully cancel ISI: Cyclic Prefix (CP) before each symbol

OFDM symbol, duration T
A

\_'_I \_'_I

Cyclic Prefix, duration T, End of OFDM symbol, duration T',
with T, > channel impulse
response

* Demodulation: FFT

» Main advantage: more robust to frequency selective channel (such as Proakis C)
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OFDM synchronization preamble

To know start of an emitted OFDM signal: Preamble symbol [SchimdI1997]
« Emission: OFDM special symbol placed before each frame (several OFDM symbols)
* To construct it
1. Generation QAM symbols: N,;, (number of sub-carriers frequencies) symbols
« (0,0) symbol on odd frequencies
 Random 4-QAM symbols on even frequencies
2. IFFT
 OFDM symbol with two identical halves of size N, /2

3. Add cyclic prefix
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OFDM synchronization preamble

To know start of an emitted OFDM signal: Preamble symbol [SchimdI1997]

500 OFDM preamble symbol
Repeated parts
) - | | Ngyp = 64 sub-carriers
1.50- . > < -
™ A \ H V 2 identical halves correlation
Q) .
©
2100 = maximum <> start of frame
= 1
= :
< 0.75- A A Module Synchronizer: Have to detect
0.50 Y the correlation peak
0.25 1
0.00 L — | | | | | | |
0 10 20 30 40 50 60 70
Samples
15
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OFDM synchronizer

At reception, 2 tasks:
+ Detect start of a frame thanks to OFDM preamble symbol
« Extract the frame and return it

To detect start of frame:

1) Auto-correlation at position d with window of size N,;/2
Nsub/2 -1

P(d) — 2 r:l+mrd+m+Nsub/2

m=0
2) Received energy of second half
Nsub/2 -1

2
R = ) [rasmenn,s

- m=0
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OFDM synchronizer

To detect start of frame:
3. Normalize auto-correlation by energy

|P(d)|*
(R(d))?

M(d) =
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OFDM synchronizer

To detect start of frame: 3 metrics

3. Normalize auto-correlation by energy

|P(d)]*
(R(d))*
Using M (d) for synchronization:

M(d) =

 Plateau with size of Cyclic Prefix
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OFDM synchronizer

To detect start of frame: 3 metrics

3. Normalize auto-correlation by energy

104 < Delay “ = A
m(d) = P N Threshold
(R(d))2 0.8
Using M (d) for synchronization: — 06
» Plateau with size of Cyclic Prefix s

* M (d) > Threshold => Start of frame 0.4

= For now, threshold fixed by user o

0.0 -

0 5°Start Ofloo 150 200

frame
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OFDM synchronizer

To detect start of frame: 3 metrics

3. Normalize auto-correlation by energy
|P(d)|?
(R(d))*

Using M (d) for synchronization:

M(d) =

» Plateau with size of Cyclic Prefix §

* M (d) > Threshold = Start of frame

 |In practice: estimated start < real start byo

a few samples

= Ok thanks to Cyclic Prefix
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OFDM synchronizer

Delay estimation = start of the frame

To stabilize delay estimation over several frames: Forgetting factor

« For frame q:

q—1 i
Z:i=0 a
e Simulation: &« =0.9

= Empiric choice

= Average (a = 1) of delay estimation accurate when SNR /
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OFDM synchronizer

Differences between two halves of preamble = Phase shift

True value:
¢ =nTAf,, Af , = Carrier Frequency Offset (CFO)

Can be estimated with P (d):

CFO coarse estimation

CFO correction of OFDM sample d
OFDM (d) < OFDM (d) e ~/2744fo
Important step: Bad CFO estimation = Loss of orthogonality = Strong ISI

Also: forgetting factor to stabilize estimation
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OFDM synchronizer

Extracting the frame
In practice: ?lq, estimated start of frame g < real start by a few samples

OFDM preamble,
T =6 + Tg =3 samp|es OFDM 15t data symbol

2 samples #
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OFDM synchronizer

Extracting the frame

In practice: flq, estimated start of frame g < real start by a few samples

OFDM preamble,
T =6 + Tg =3 samples OFDM 15t data symbol

(r22ic0 — AFF3CT Day | Joachim Rosseel | 28/11/2024 24



OFDM synchronizer

Extracting the frame

In practice: flq, estimated start of frame g < real start by a few samples

OFDM preamble,

T=6 +T,=3samples

OFDM 15 data symbol

d d

q q

Extracted OFDM preamble
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q

_|_

Extracted OFDM 15 data symbol
End of cyclic prefix = last data samples = Circular shift for right order
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Pilots for OFDM equalization

Equalization = reversal of channel distortion on transmitted signal
= correct frequency selective effects of channel

To achieve that: DeModulation Reference Symbols (DMRS) pilots
« Known at emitter and receiver = Estimation of channel frequency response
« Several pilots per the frame, with positions defined by the 5G standard
« Construction: 4-QAM modulation of a pseudo-random gold sequence ¢ [Gold1967]
« Easy to generate in hardware and software

 Small cross correlation

= Useful when multiple devices are broadcasting in the same frequency range

« Seed depends of 5G standard

(r22cca . AFF3CT Day | Joachim Rosseel | 28/11/2024 26



OFDM equalizer

To equalize the received signal with DMRS pilots
« First, OFDM demodulation and extract DMRS symbols

« For each DMRS pilot sample p: channel estimation

N DMRS £, (P)
Hy ¢ =
"7k DMRSg r, (p)

with f, = sub-carrier k

« Averaging per sub-carrier

~ . 1 ~
Ao s = 52, o,

— Estimation of channel coefficient for each sub-carrier
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OFDM equalizer

To equalize the received signal with DMRS pilots

« Zero Forcing (ZF): applied invert channel response [Mark2003]

Yf =H

2 |
k an,kafk_l_Z'Z(_)N(O’a) :ka"’H Yfk

avg, fi

* Neglect AWGN noise .

o
(o]
T

* Not robust if channel too

©
(*2]
T

frequency selective

Amplitude
o
=

= e.g, Proakis C: Zeros in

o
N
T

frequency response

OO

200 400 600 800 1000

TR [Chafii2016]
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OFDM equalizer

To equalize the received signal with DMRS pilots

* More robust equalizer: Minimum Mean Squared Error (MMSE) [Mark2003]

I:I*
. avg,fk _
= 2 T
52 + Havg,fk‘

— AWGN noise taken into account in ka

— Need noise variance estimation, obtained by

o 1 ; ’
Gt = N_ZP Var(|DMRer (p) o HangMRStX (p) | )
p
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OFDM equalizer

Constellation with no ISI channel
* Execution of whole chain

4-QAM modulation

128 sub-carriers

20 pilot DMRS symbols
SNR =30dB

MMSE equalizer

— Constellation well retrieved

= Decoding succesful
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OFDM equalizer

Constellation with Proakis C channel

2 sacdteadih@l o Non equalized signal

» Execution of whole chain e Equalized signal

4-QAM modulation

128 sub-carriers

+ 20 pilot DMRS symbols g 04
« SNR=30dB
« MMSE equalizer <A
= Constellation still noisy (Proakis C =

_2 -
difficult channel) |

-2 -1 0 1 2

= Decoding successful Real
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OFDM equalizer

Constellation with Proakis C channel
* Execution of whole chain

4-QAM modulation

128 sub-carriers

20 pilot DMRS symbols
SNR =70 dB

MMSE equalizer

— Constellation shape more like QAM

but still noisy
= Decoding successful

(r22cca . AFF3CT Day | Joachim Rosseel | 28/11/2024

2.0 1

E39

1.0

-1.5 -

-2.0 1

Non equalized signal
Equalized signal

2.0 -15 -1.0

33




FER

Parameters
. LDPC (N = 2288, K = 440) e

Normalized MinSum(I = 10) '

4-QAM modulation

128 OFDM sub-carriers, 20 pilot symbols

-8 AWGN channel

Delay + CFO +
AWGN channel

ProakisC + Delay +
CFO + AWGN channel

10_1?

 Delay = 12 samples, CFO =103 &
Results 10-2-
« Software chain functional
 FER Degradation with synchronization step
= Due to sync threshold (to be fixed) 1074
* Proakis C: change of sloop 0 10 20 30 40 50

SNR(dB)
— Harder to equalize (cf constellation)

L d
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Delay estimation (with Proakis C)

25000 - - Expected delay

20 -

E 20000 - 15 -

% 10 -

3 2]

+ 15000 - | | |

E

T

@

o 10000 -

o

e

g

< 5000 -

0
15 20 25 30 35 40 45 50
SNR(dB)

SNR / = More accurate delay estimations
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FER

10°

10_1;

10_23

10_33

-@= AWGN channel

Delay + CFO +
AWGN channel

ProakisC + Delay +
CFO + AWGN channel

10 20 30 40 50
SNR(dB)
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Delay estimation (with Proakis C)

le—3

-@= AWGN channel

Delay + CFO +
AWGN channel

N - Expected frequency shift 10°

ProakisC + Delay +
CFO + AWGN channel

Average estimated frequency shift
o
__.__
FER

“ 10_3-:

15 20 25 30 35 40 45 50 0 10 20 30 40 50
SNR(dB) SNR(dB)

From 28 dB = Good CFO estimation = no loss of orthogonality

L d
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Conclusions

Implementation of UL-SCH + PUSCH chain in Pyaf

New modules = OFDM pilots, preamble, synchronizer and equalizer

Simulations results shows functional chain

« Synchronizer able to correctly estimate delay and CFO
« Equalizer able to correctly estimate channel response

= But SNR degradation with respect to chain without these steps

Code available at https://qitlab.inria.fr/fec/pyaf/-/tree/5Gchain?ref type=heads
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https://gitlab.inria.fr/fec/pyaf/-/tree/5Gchain?ref_type=heads

Perspectives

* Investigate further why SNR offset when synchronization steps are added

« Continue Hardware-in-the-loop tests

« Evaluate chain with other metrics:
* Energetic cost of chain while functioning
« Material cost of such chain? (antennas, hardware circuits,...)

= Often important but overlooked when speaking of energetic gains [Ciblat2022]
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OFDM equalizer

Sampling Phase Offset (SFO):
« Sample duration slightly # at TX and RX, due to # sampling clocks
« During reception, relative sample periods drift apart from one another

= For each OFDM symbol: Phase rotation according to its index in the frame

To correct SFO:

» Residual phase estimation of each pilot symbol p

1 * ]
Hp = Nsubz DMRSFX,fk (p) Havg,kaMRStx,fk (p)

fk

 Linear interpolation: phase evolution @d according to sample index d

* Multiply index d OFDM equalized data symbol by e/
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Segmentor

« If too many information bits = frame divided into C segments

Infos

bits — >

Segmentor
(segment)

CRC

—

LDPC encoder
(KLDPC: NLDPC)

—» Interleaver

CRC

—

LDPC encoder
(KLDPC» NLDPC)

—» [nterleaver

Segmentor 2
(concatenate)

* C depends of used LDPC code

» 2 tasks: segment/concatenate, C outputs/inputs sockets

* ( fixed at module creation = static parameter
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bits
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Quasi-cyclic LDPC codes encoder

 Defined from a base graph, with associated parity check matrix of size Z. X Z.

» To obtain larger parity check matrix = circular shift of base matrix

* Example Z, =4, Ky ppc =3 X Z,, Nyppc =6 X Z,
Z-4
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Quasi-cyclic LDPC codes encoder

* Properties:

« Each codeword = t sections of Z . bits each

 Cyclic shift of sections of a codeword = still a codeword
= Generator matrix = circulant matrix

= First line of generator matrix defined the whole matrix

To speed up encoding = exploit those properties, with N ppc — K ppc circular shift
registers of size Z,

* Implemented by Afaf Alaoui Mrani
* Sub-module of LDPC Encoder
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
N symp = Number of OFDM symbol transmitted per frame (including preamble)

Due to delay and execution clock: frame not fully received

— How to handle it?
Preamble OFDM data

symbol symbol

0 Nsymb (T + Tg)
l y ]

OFDM synchronizer acquisition window
&;/Z‘,a/- AFF3CT Day | Joachim Rosseel | 28/11/2024
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
* To store received frames, buffer of size 2N, (T +T)

 First task: synchonize

0 Nsymb(T + Tg) ZNsymb(T + Tg)

\ J
|

P (d), R(d), M (d) computation in 2" half of buffer
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
 First task: synchronize

> d
0 Nsymb(T +Tg) ZNsymb(T +Tg)

Estimation of delay and CFO
= Stored in module memory
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
» Second task: extract

0 Nsymb(T + Tg)
\ J

Y
Nothing to extract in 15 half of buffer
(no prior delay estimation)
= Return frame of Os
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
» Second task: extract

0 Nsymb(T + Tg)

Move received part of frame in 15 half,
thanks to delay estimation
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OFDM synchronizer

Pipeline execution: synchronizing + extracting
* Next acquisition:

0 Nsymb(T + Tg)
\ A

2N gymp(T +Ty)

Y
Last symbols
received!
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OFDM synchronizer

Pipeline execution: synchronizing + extracting

* Next execution: synchronize

0 Nsymb(T + Tg) ZNsymb(T + Tg)

Estimation of delay and CFO for next frame
= Stored in module memory
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OFDM synchronizer

Pipeline execution: synchronizing + extracting

* Next execution: extract

0 Nsymb(T + Tg) ZNsymb(T + Tg)

\ J
|

Extract first frame, with prior delay estimation
Apply CFO correction and return frame

» Always one frame late = Have to be taken into accoung for Monitoring (FER)
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FER with smoothing M(d)

* M(d) * rect(CP)

10906
14143
70846

6401

L d
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