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“Flexible Channel Estimation for 3GPP 5G IoT on a Vector Digital Signal Processor”

* Generalisation of the moving average-based channel estimation and its mapping onto appropriately sized programmable platforms for 5G Release 17
loT workloads, including the newly introduced RedCap.

* Identified workloads and requirements for channel estimation across all loT specification.

* Devised an algorithmic approach that utilises flexibility of a programmable platform to provide robust approximate MMSE channel estimation quality
using suboptimal moving average variants suitable for loT, based on the best MSE performance criteria algorithm switching.

* Designed, implemented and measured denoising subkernels and the complete 5G loT compatible channel estimation on 3 platforms, 32-bit RISC
reference, vDSP128 and vDSP512 to cost effectively support loT workloads.

* Processor SIMD architecture recommendation for each of the specified standards. F"";;‘; wl | channal & Aaen @
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Motivation: Introduction of RedCap for 3GPP 5G loT

) e » 3GPP is introducing 5G NR Release 17 loT:

5G NR * NR Reduced Capability (RedCap/REDCAP/NR-Lite/NR-Light) to cover applications
eMBB/ in the mid-range cost/capability devices of NR: [1] [2]

- | L URLLC * e.g. wearables, industrial loT, video surveillance
é 5G NR loT FR2 * Expected updates to 5G NR for Narrowband loT and Cat-M [3]
N RedCap
- FR1
» Goal: Generalisation of Channel Estimation for applications across
all 1oT standards on appropriately sized platforms
3GPP Rel 17 ;
- > . :
Capability (data rate, lower latency) > Condltlons and ReqUIrementS:
* Weak radio signal — Reliable operation down to -10 dB SNR [4]
=> focus on denoising algorithms
(N B-|OT, Cat_M, RedCa p) =>requires a parametrisable and scalable approach

* Low-power operation —low computational complexity

‘ ‘ ‘ => requires low complexity algorithms

. . . . [1] A. Ghosh, R. Ratasuk, and A. M. Rao, “Industrial loT Networks Powered by 5G New Radio.” Microwave Journal, vol. 62, no. 12, 2019.
Req U I rementS AlgO rlth m |C SU Ita ble HW [2] N. Varsier, L.-A. Dufrene, M. Dumay, Q. Lampin, and J. Schwoerer, “A " 5G New Radio for Balanced and Mixed loT Use Cases: Challenges and Key Enablers in
FR1 Band,” IEEE Communications Magazine, vol. 59, no. 4, pp. 82-87, 2021.
a nd WO rkloadS? ApproaCheS? Platfo rmS? [3] SierraWireless, “3GPP Enhancements Planned for 5G Release 17 Include RedCap, Coverage Improvements, Satellite Standards, and More ,” SierraWireless

Blog. [Online]. Available: https://bit.ly/2UetkZy
[4] 3GPP TSG RAN, TS 38.133 Requirements for support of radio resource management v17.1.0, 3GPP Std., April, 2021. [Online]. Available: https://bit.ly/3hYolqV
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Workload, Platforms,

Workload increase:

TABLE 1

COMPARISSON OF RESOURCE BLOCK RATES OF 5G 10T DEVICES.
Workload NB-IoT Cu-M | FRI RedCap | FRZ RedCap
Nga|l/ms I [ 106 Ty

*Resource Block (RB) = 12 subcarriers x 14 OFDM symbols freq.-time data
item grid

* With Rel 17 5G, RedCap IoT introduces higher data rates
relative to prior loT standards

18x increase for FR1 RedCap versus Cat-M
88x increase for FR2 RedCap versus Cat-M

* Need for a platform to provide the needed speed-up.

Platform: programmable HW well suited

MOTIVATION

TABLE Il
ForR USE OF FLEXIBELE, PROGRAMMABLE

PLATFORMS IN CHANNEL ESTIMATION FOR 5G I0OT.

Source Diescription
Mew 30 Protocol  [Dynamic pilot allocation in many patterns, workloads
va 4G Protocol and several possible subcarrier spacing configurations.

Changing Channel
Conditions [6]

A set of different algonthms may need o be cost
cffectively multiplexed to deal with the changing
environment around the device.

Maintenance [7] [E]

Cost of 5W vupdates vs recall of remote deployed HW

Vendor
Differentiation
in Implementation

Many IoT vendors in the loT market. Even for same
applications, plurality of vendors results in vendor
specific constraints and variations on memory, power,
size, or device cost requirements.

Application
Requirements

Many different deployment scenarios requiring
different data rates, up-time, security, latency, etc.

HW Reuse: PHY -
Application Layer
Resource Sharing

Minimising cost. Same machine can be used for
other DSP processes both on PHY and the application
layer like matrix inversion, ffit, inference, etc.

VODAFONE CHAIR

[6] S. A. Damjancevic, E. Matus, D.
Utyansky, P. van der Wolf, and G.
P. Fettweis, “Channel Estimation
for Advanced 5G/6G Use Cases on
a Vector Digital Signal Processor,”
IEEE Open Journal of Circuits and
Systems, vol. 2, pp. 265-277, 2021

[8] S. A. Damjancevic, E. Matus, D.
Utyansky, P. van der Wolf, and G.
P. Fettweis, “From challenges to
hardware requirements for
wireless communications
reaching 6G,” in Multi-Processor
System-on-Chip 2, L. Andrade and
F. Rousseau, Eds. London and
New York: ISTE Ltd. and Wiley,
2021, ch. 1, pp. 3 -33.

Algorithms

Channel Estimation Motivation and Proposed Approach

*  Optimal MMSE methods for denoising are too compute costly for loT

* Suboptimal moving average filter variants are investigated as an approximate MMSE

solution
10"
—#— Without Denoising
$\ - ¢=- Exponential Moving Average
\ Simple Moving Average
3~ Wiener MMSE Denoising
210°) B
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TABLE 11
SIMULATION PARAMETERS.
Property Value
Channel 'GMEDS" 3GPP EPA, 70 H = Doppler spread
SMA Ni=Na=2
EMA o = (.25

Winner MM5SE

L=8

A switching control approach is proposed that

utilises the flexibility of the platform

Switching: A priori knowledge SNR, ch. profile

\

" Simple Moving Average (SMA)

I+
1 r

H{k 1) = m Z Hik. i).

i=I—N;

Exponential Moving Average (EMA)

Hik.l) = aH{kD) + (1 —a) H(k1-1).

Switching:

* EMA good for-15 dB to-10 dB

e SMA good for-10dBto 5dB

*  W/o denoising good for 5 dB to 15 dB

Flexible Channel Estimation for 3GPP 5G loT on a Vector Digital Signal Processor

17/11/2021




Algorithmic Optimisation and 32-bit RISC Implementation

Further Algorithmic Optimisations:

* SMA — i) mpy instead of div ii) discussion on less
cycles of mac vs more cycles of add

* EMA-|) S instead of (1-a)

Pseudo Code of Optimised Equations:

Algorithm 1: Moving Average in the SMA Form.

Algorithm 2: Moving Average in the EMA Form.

SMA EMA
) 1 i+ e i ] )
H(kI) = m]=§\. Hik. ). Hikl)=aH(ED+ (1 —a) H(ET-1),
] Na ] Nz i
Hkl)=g Y Hkl+i)= Y g HkI+i), H(kl)=aHkI)+FH(kI-1),
i=— N i=—N;

inmput : Channel measurement H and filter coefficient g
output : Filtered channel measurement
tildeH
f/ Data register
f/ ACC register wuy

1 for I« Ot L ~ 1 do

2 for £+ Oto K = 1 do

3 - =:ufd{ff[l.-.£ N), Hk. D — Ny 4 l]):
4 for 2 4 Ni 42t Nz do

z | vy = add (r':. Hik.14 I]}:

' end

7 wn = mpy g, )i

] Hik,l) = cast{w; );

¥ end

i end

Operations [1/ms]:
» See TABLE IV (352x more than prior art Cat-M)

32-bit reference Implementation:

* Cycles [1/ms] -> Frequency [kHz] *

TABLE ¥
32-BIT SCALAR REFERENCE: REQUIRED CLOCK FREQUENCY
AND MAC UNIT UTILISATION.

input :Channel measurement i and filter coefficients o,
i} i

output : Filtered channel measurement H

/4 Data register m

.

/i ACC register un

n =1k

for [ « O to L — 1 do

for &« 0 to K~ 1 do
W1 = FLpy (n. f-f[ir.{]);
wi = e (w, B, v )
vy = cast{un );
Hk 1) = vy

e

R g m e w b=

g

TABLE IV
NUMBER OF OPERATIONS.

. i Pilots Dperations [1/ms] Filtering
Worklaad ) me] SMA EMLA Axis
MNominal o -+ Ng +2) Ip ol axis
NB-IoT 1 24 8 only t
Cat-M 12 72 24 only t
FR1 RedCap 124 LOSE(TO.T = T2) LGa6 both t+f
FRZ RedCap| ZT1Z [25344(3562 = T2) EEEE] both t+

VODAFONE CHAIR

°
Workload Frequency [kHz] |Operations/Cycles [%]
SMA | EMA SMA EMA
NB-IoT 32 15 75 53
Cat-M 0] 31 o 77
FRI RedCap| L0he | L7035 O9.5 449.2
FR2 RedCap| 25352 | 8455 0997 94992

Flexible Channel Estimation for 3GPP 5G loT on a Vector Digital Signal Processor

i) 25 MHz for just FR2 RedCap
denoising is unacceptable, a SIMD
solution is needed. ii) NB-loT OK.

Ops/cycles go up with higher
workloads due to relatively smaller
loop overhead and pipeline depth
impact

17/11/2021 5



Processor Architecture, 128-bit and 512-bit SIMD
Implementation

Scalar/Vector VLIW Architecture: SIMD vDSP Implementation:
) ] ) ) ) TABLE VII . .. bk / ired Clock
° Reglsterflle Cent”c’ Computatlona/ FUs met with IEE-IJ:H: :LLL']:\:'-‘?];&LE' ;r[i;llci:IE"JT:&IS::}\H\lf.lE:;ILIJlklliliE:: OcK DenOISIng supKerne Requre Cloc
appropriate LD/ST units o ' - - Frequency, SIMD Gain and SIMD
Workload Frequency [kHz]| SIMD Gain [5IMD Efficiency [%] . .
SMA EMA | SMA | EMA ShLA EMA EffICIenCy
Scalar/Vector Digital Signal Processor NE-IoT 13 H_ | 246 | 188 | BLS 6.0
Cat-M 25 12 3.20 | 2.58 0.0 G4.6 H — H
Scalar Wector ¢:) ¢:> Sc.i].?r..i"l.l'ector c'::’ F;l RedCap| LZXs6 156 -'i.':i'l.: -'i.!'}T ;].l ‘.]T.::'r ¢ SIMD Galn - CyCIe Count redUCtlon
Functional Unit Register Lﬂﬁd.n'fn:[ﬂt’l? Unit Memary FR2Z RedCap| G350 | 2126 | 3.99 | 3.08 .8 a9.4 against the 32_bit reference
] File :
Scalar fWector Saalar/Vector s e _ .
A = K Loadstore e [T N *  SIMD Efficiency = SIMD Gain versus
512-81T VLIW-S5IMD VECTOR PROCESSOR: REQUIRED CLOCK ideal SIMD Gain
FREQUENCY, VECTORISATION GAIN AND EFFICIENCY. .
* Easy to extend with SIMD FUs, developed with [17] o | Frequency [KHz]] STMD Gain [SIMD Effciency [%] * vDSP512 achieves best gains at FR2
EMA EMA | SMA | EMA SMA EMA
+  Other RISC alternatives discussed for the 32-bit o A 11 Y 200 MR RedCap workloads
reference: single-issue processor with HW AGU AT M R k)R] L B « vDSP128 achieves best gains already
and XY memory, however hard to extend to at FR1 RedCap workloads
VLIW/SIMD [18] ~ /
TABLE VI
PLATFORM CONFIGURATION: 32-BIT REFERENCE, | 28-BIT / N
SIMD, 512-B1T SIMD.
Configuraton— b Refaence]—VDSPTIE T * Both vDSP128 and vDSP512 have ~1MHz denoising option in their high
ALU - < - gain operation area, making the range of 128-bit to 512-bit platforms quite
MAC v v v .
o7 v v v well suited for RedCap workloads.
YMAC — o v . )
vALU — al al [17] Synopsys Inc, “ASIP Designer Website,” accessed 30-06-2021. [Online]. Available: https://www.synopsys.com/asip
vLIVET — v v [18] P. van der Wolf and Y. Tanurhan, “Processors for the internet of things,” in Multi-Processor System-on-Chip 1, L. Andrade and F. Rousseau, Eds. London and New York:

ISTE Ltd. and Wiley, 2021, ch. 10, pp. 159 - 181.
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https://www.synopsys.com/asip

Implementation of the Complete Channel Estimation
Procedure Including Channel Measurement and Interpolation

NR Compliant Channel Estimation Procedure [6] SIMD vDSP Implementation: - TABLE IX: SIMD gain remains high and

adapted to loT: | . mBEX - even improves when the whole
COMPLETE CHANNEL ESTIMATION PROCEDURE: CLOCK h / t t . d d
. . FREQUENCY REQUIREMENTS AND VECTORISATION GAIN. cnannel estimation Is consigered.
* Three major subkernels: i) Channel Measurement; S — P -
Cat-M 128| 0.1 | 011 | 376 | 12.04 taken into account, the high gain area
FRI RedCap| 5.0 |65 165 | 308 | 16.68
Pilots | — — i FRZ RedCap|128.0] 3224 | 8.9 o0 | 15.04 extends for the vDSP128 also towards
f“‘\‘ o hannel LPIED) enorsing Cat-M workloads, signalling that the
(i) E TABLE X . . .
| Channel COMPLETE CHANMEL ESTIMATION PROCEDURE: range Of 32-blt to 128-blt maChlnes
Ak | Estimation at pilot locations ) Frequency COMPUTATIONAL SHARE BETWEEN STEPS, FIG. | NOTATION. WOU/d aISO be SUitable IOW'rate
i Y Response _
Symmetry Column How @ f:'.r:_r'mare Workload 32-bit Ru:l-:r-:nf»::]mlc FriHDu;Il!‘ﬁ}i}fhdm - vDEPSTT Redcap or Cat-M
Reconstruction || Reconstruction | | Reconstruction Hap Wl @O E W] &G N /
s NB-IoT T 113 [ &8 [ 0 [ 16 ] 7% | 16 ] 21 [ 63 ] ™ g
— - —mterpoation] | T e R ) I N A ST I 3 * A SMA as the d . . bk |
! Estimation at non-pilot locations FRI RedCap| 1.66 |10.68|78.66] 1.72 [10.78|78.40] 2.00 [20.11|77.50 ssumes as the aenoising subkerne
FR2 RedCap| 1.64 [19.67|75.65] 1.66 [19.69]78.65] 171 [19.76]78.53
Open Questions: * TABLE X: i) Interpolation dominates the frequency budget, ii) denoising takes =~ 20%
«  What is the frequency requirement for the share in RedCap independent of the platform
whole procedure, not just denoising: * For FR2 RedCap CE, 512-bit platforms are well suited
What is the share of denoising in the entire * For FR1 RedCap CE, platforms in the range of 128-bit to 512-bit are well suited

procedure?
* For Cat-M CE, platforms in the range 32-bit to 128-bit are well suited

[6] S. A. Damjancevic, E. Matus, D. Utyansky, P. van der Wolf, and G. P. Fettweis, “Channel
Estimation for Advanced 5G/6G Use Cases on a Vector Digital Signal Processor,” IEEE Open

Journal of Circuits and Systems, vol. 2, pp. 265-277, 2021 (] For NB-IOT CE, 32-blt p/athI’mS are WE’// SUItEd

~.
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*SIMD Gain = Cycle count reduction against the 32-bit reference
**SIMD Efficiency = SIMD Gain versus ideal SIMD Gain

Results: Key Contributions

» Implementation:

> Workloads: * Kernels achieving good cycle efficiency across loT workloads
*  Programmable HW Platforms like a Vector Processor can provide the " VLW effectively masks LD/ST instruction overhead
required flexibility and speedup to support RedCap loT = SIMD Efficiency close to ideal
Algorithm Moving Average based Channel Estimation
Architecture 32-bit scalar vDSP128 vDSP512
> A/gorlthm. Arithmetic SIMD SIMD
Req. Clock o Req. Clock . Req. Clock .
. . o Metric ps/Cycles Efficiency Efficiency
* Moving Average filter variations offer good MSE performance and
low computational cost — good for loT [MHz] [%o] [MHz] [7o] [MHz] [7o]
*  MSE performance near optimal (MMSE) with SW alg. switching NB-loT 0.25 89 0.08 67 0.04 33
o _ Cat-M 1.28 97.8 0.34 92 0.11 74
*  SW Switching is easy on a flexible, programmable platforms
FR1 RedCap 25.9 99.89 6.5 99.48 1.65 97.9
10" f
—#— Without Denoising FR2 RedCap 128.9 99.98 324 99.89 8.09 99.58
9& - ¢ - Exponential Moving Average
- T \ AN 1 Wionar MMSH Donoiing » Architecture:
Switching: AN . :
w10 . *  32-bit RISC reference, vDSP128 and vDSP512 can cost-effectively
e EMA good for-15 dB to -10 dB < B % support loT workloads
n o N -
* SMA good for-10dBto 5 dB i *\ O 00 * [dentified good architecture — standard pairs
*  W/o denoising good for 5 dB 107 B R Standard NB-IoT Cat-M FR1 RedCap FR2 RedCap
to 15 dB D o i
. ; -15 <10 5 0 5 10 15 Suitable . 32-bit to 128-bit to .
) ’ SNR [dB] Architecture 32-bit 128-bit 512-bit >12-bit

VODAFONE CHAIR Flexible Channel Estimation for 3GPP 5G loT on a Vector Digital Signal Processor 17/11/2021 8
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