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Efficient Frequency Offset Estimation Circuit Design for Wi-Fi Receivers

Liu Qiang, Wu Wenyue
(School of Microelectronics, Tianjin University, Tianjin 300072, China)

Abstract: Frequency offset estimation ensures orthogonality between symbols in an orthogonal frequency division
multi-plexing system, and it is an important step for signal processing in Wi-Fi receivers. Addressing the trade-off be-
tween computational accuracy and resource consumption while designing frequency offset estimation circuits, one
such high-efficiency circuit was designed in this study. First, the simulation of the data processing flow of frequency
offset estimation was performed to explore the effect of different data-bit widths on the root mean square error of the
estimation results. Further, the dynamic range of intermediate variables at each level was divided into fine grains,

and appropriate data-bit widths and truncation methods of intermediate variables at each level were determined to save
hardware resources while ensuring data accuracy. Second, a complex phase angle calculation unit was used to im-
prove the circuit performance using look-up tables and approximation calculations. This method can reduce logic re-
source consumption by more than 96.9% and the number of execution cycles by 95%. Finally, coarse and fine fre-
quency offset estimation shared hardware resources using the time division multiplexing design. The resource con-
sumption of the circuit was further reduced, and data processing speed was increased by optimizing the pipeline
structure. The experimental results showed that at a signal-to-noise ratio of 15 dB, the designed circuit reduced the bit
error ratio of the Wi-Fi receiver by about 17.94% compared with that of the coarse frequency offset estimation circuit.
In addition, the number of look-up tables consumed was reduced by 71.22%, power consumption was reduced by

24.73%, and the number of cycles required for processing was reduced by 22.90% compared with circuits that per-
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formed coarse and fine frequency offset estimation, respectively. The designed frequency offset estimation circuit

ultimately optimized resource consumption and computational accuracy.

Keywords: Wi-Fi; field programmable gate array; frequency offset estimation
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Fig.3 Root mean square errors for different fixed-point
data-bit widths
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Tab.2 Relationship between the required phase angle and
auxiliary phase angle
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1>0,0<0,|1|>|0| 6,=-6,
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Fig4 Hardware architecture of the frequency offset estimation circuit

552 AWM BB B TR . P BAE A OF
BOEHE ISR, S AR — ik A RO AR i
TIRBORIEH. BHORNES Rt 46 2 HmyF 0k

SEHRMIHERR , 4% MR SCABTH AT 17 bit 247 R
T, S EERAE FAOLARIET A 21 bit. Pl SRR 2
ABrBOT IR 10 ZRORIEA AL RESS S, Ik



- 186 - REFR AR (A /B 5 TR RR)

CERLE R ]

25 L 0 TR ) B2 A A RS

53 BB T E B A AT B R
HFIE HE  SEER EUAE BT 16 bit s fi%K, SR8
1o T R R 0 = B AT A BT A sts_en
A Its_en 5 2 I 52 A8 e B8 A 18 1O AH A 64 T 4
WY A F ISR AR, R RS T 4 S AIBK
PEIEATH S, S Z IR, s A hy B 2 i A
HIEREMS S, JFRZHs out vid SECHEAbBREE A 45
iy, R, JCieH B TAEAE STS MREILZ LTS R
A, B AR — A SR | 6 B AR e AN A 4
ATHESIT, NTFEN STS 1 LTS Zr9s28l Fik
B, 5 B H B B R B 352 .

N T B R R TR 5K, X 3 AN Bk AT
FRASEI T 0T, A FTas T, 3 NI B e R A
e 2T B[R] 43 (worst negative slack, WNS) 437
7 2.758ns.2.385ns Ml 1.734ns, H 2540 A 43
i (worst hold slack , WHS) ¥ 1E. [H 1Y, H B AE
100 MHz B4 F A B 3 2. AR 303 i fifi
Xilinx IP X ek g MBRIL A A 7308, IFAEA AR K
RGBT N HL B TR SRR S B F 4B, XF EE
PRI AEA WNS 918 &0 . fe 40 E e 98 i 2
100 MHz B B0 29 50T f e /INL K R B L I de /b %
JETHFE. DUALau e s EEPEREXT FL N 4 o, Hoidhas
ASSCIG AR — B0 T R B A TR RS
B Al T i . ik, 45 B BER K iy
WNS 2354 0.723 ns. 1.220ns F1 0.701 ns. WHS F

WNS #M1E, B BB P2y, 3k 4 nJ A, AR
SCE G IR, FEAS SRR L AR R i T
LUT FAZFfEa i & 2008/ 1 1.86% Fl 55.60%
WA T GIRIERE, WD T EARALFE R 14.19% , g
TRARA IR, I PR RERSTE 0.98 s PN 58 UL
BRI ELAL T, WL AE TO FR2Z /i 58 MO R w5
Al iy 2K

TEVL BT ERE T, AT DLSE IR i 0% 1 A5 % g
AT, W 5 BT 8 B AR WAl 1T
HLIE Y TAERIE. &l 5 BR, state {55 FH T B
7 B H B TE AR AL BRI MR —358 43, STS ZIKET, Sl
AR AL T EEXT STS MEATACRE, PEF TR
it BAEFEAKER] 16 A~FEH, e BIMAERERLL 16
BB ZALTHE. LTS F>k B AR a1 45 1, 43
ZAMASAG T B A AR A RS Al T, S AEAEAS e
64 N, T BIMAERERLL 64 15 2T HE.
PR ARAR B Ah TH H I S B RO m AS Ak 11
WAL TR, T sts_en il Its_en FFEH, X
HRAYHLFEAE STS HAI LTS H AL A& H AR T

F4 RUBIEEEMEEEXTLL

Tab.4 Comparison of circuit performance before and
after optimization
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Fig.5 Working waveforms of frequency offset estimation circuit
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AEIHLEPERE. openwifi var2 FER20HHEF THL RS
R AT L% S openwifi 45 SC B #E A
WAL PERE. PR R MR EL 15 dB F AYSEE K
P&, i 6 WA, 5 openwifi #1HL, openwifi_var [1i%
RN T 17.94% , 0k T 0.57% , KL LUT
R, BEURIEFERS K T 2.37% . AIXTF openwifi
var2, TERRIS AR SN RETHE T, LUT JHFEER > T
13.75% . openwifi_var AYF¥H%EK 97.82 Mbps. Hi %
(A IR 28R T UL fe K AR F %, RBAETHE 2 Wi-Fi
FEMHLI B s A B K.

RS5 TESRRWBMEITEEERXT L

Tab.5 Performance comparison of different frequency offset estimation circuits

Ha LUT JH#ERUE | FFA7 4Rl #E5UR | DSP IMAEER: | RS/ W | B B3R/ MHz | B i RIS A6 R 25 /%
openwifi FATRARAS A 1 HL % 539 805 5 0.402 100 106 9.83
SRR ARG T B 2390 2076 6 0.423 100 186 2.62
OFDM Z 4t H [ 3 I AT 2R A it - ri i) — — — — — — 25.00
1052 24 RO A B it e s ) 1707 751 — — — 576 —
A SCR T RS Al 1 LI 843 816 5 0.621 100 254 2.62

& 6 Wi-FiZIH B MEREXTEE

Tab.6 Overall performance comparison of the Wi-Fi receiver

HL i TAER/MHz | iRER/10*% | R/ Mbps | LUT iFESGE Rl e DSP W#ESUR | DikE/W
openwifi 100 2.62 98.38 12 781 18 620 68 4.461
openwifi_var 100 2.15 97.82 13 085 18 631 68 4.475
openwifi_var2 100 2.15 97.67 15171 20 696 74 4.762
P .
4 g:él: 1'::|E 2 %iﬁk :

AL T Wi-Fi 2L s R0 2w B ik 1
L. AEXT TR R I A Al 1, A SRR %
T H BE R KSR RS A TR = Wi-Fi 21001
FORTHE A FRPEBE |, MR, i E ik A
FH 25 00 Ak B T 3 A0 A0 23 i A% Ak 11 Ho, 2 10 95 D500
¥E. 5 openwifi AL, TE(EMEIL A 15 dB I HEA$IL
HLEGIRAG A FRAR T 17.94% , H BE A BEIE IS AERG I 1
2.37% . AT AR ML AL TS S openwifi AH
ShA SN AR i 0k 97.82 Mbps, REfS T
JE Wi-Fi 2Lt R B0R . A SCRIH A EK RERS
W& THAT 802.11a, 802.11b F1 802.11n Hy Wi-Fi
WAL, R R K E — 25 B x5 & iR AR P
802.11ax 1 802.11be) Ay S +5.
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