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Abstract: Binaural headphone reproduction can be improved by appropriate equalization of headphone-to-
eardrum transfer function (HETF). Equalization by direct inversion of HETF targeting at a flat frequency
response cannot keep the beneficial peaks and valleys caused by pinna and ear canal filtering. To simulate
human auditory filtering and smooth HETF, this research proposes two smoothing methods based on roex
filtering and Mel-frequency cepstrum coefficients (MFCC). Thus, the peaks and valleys of the response are
preserved to avoid over equalization. Subjective experiments show that perception of binaural headphone
reproduction can be improved by smoothing HETF, and the performance is most significant by smoothing
method based on MFCC.
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1% bR #1 (Headphone-to-eardrum transfer function,
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AMEAE 5 A E R A 6-7), H75 5 5 iR 2 B9, 4%
REA L, IS5 HETE i A 2. 3¢
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A B ML T B BN R o — g B P 0 7 A A
T roex YR AU, %07 15 HE T U 0 JE U 48 1 4
BRCHE TR B A A AU N T 258 JeC S %) 0 8 (1) e R 5
ORI . Ty PP RV TV A FE T Mel A 26 (3] 1
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Fig. 1 Block diagram of MFCC smoothing HETF process
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Table 1 The prices and descriptions of the

headphones
95 B BH¥L/Q Ay RA By
Sennhei
CHMREISET 300 10 Hu~4l kKHz SHI ¥2659
HD650
Sennheiser
HP2 16 8 Hz~41 kHz AH ¥3999
IE800
AL
B&K PULSE

1 o

(c) B&K ATk (d) HETF RS HER]

K2 HETF W& E LIRS R

Fig. 2 The experimental setup of HETF measurements and its block diagram
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Fig. 3 Four repeated measured HETFs for two headphones
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17 F b R 5 SRR I B IR AR f; I R LA
fr CABESIRE f; ~ fr WK 2 Fi7R.

*2 EHBHESH

Table 2 Headphone equalization parameters

G fi/Hz fr/kHz fi~ fy
HP1 40 16.5 40 Hz~16.5 kHz
HP2 110 16 110 Hz~16 kHz
80 v
1/3 OctaveF-ify
60
@ 401 SeFroexigil e T
g 5
0 %
—20 ~ - ~
0.020 0.100 1 10 20
B /kHz
(a) HP1
80
1/3 Octave V-l
60
M A0 BT
) E:TroexiBi - Filk
B
é 20
ol HEFMFCCFi
//
—20
0.020 0.100 1 10 20
Wiz /kHz
(b) HP2

K4 POkl R HETF i 4

Fig. 4 HETF smoothing results of four measurements
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17 =T roex JEE AT B FIR 47 53 T MFCC
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T8 JE PR R AIC Q (A WY, o A X 3 A Q 1B (2
3 dB) il i AN 23 5]k I IR 2 AR, (ringing arti-
facts) 2122, HYEMRAX AR ER 7 — 824y 3 dB
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10¢
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% 0 Y/ S v it
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—10¢ 7/ — = — R TFHIINFIRY
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—25
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o Of
<
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—10t e iR o
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Fig. 5 Equalization results before and after HETF

smoothing

%3 MEHIE HETF WK IRE
Table 3 The mean square error of HETF

before and after equalization

(Bf7:dB)

Tl

KETF 1/3 Octave T roex i T MFCC
ST R WA FIR P M FIR 2 FER FIEH FIR
ki) ¥ FIR $fff %

HP1 3.81 0.61 2.52 2.48 2.46
HP2 3.99 0.73 2.35 2.32 2.33
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RO, A AT AT R AT R M LR S
AL B HPL 5 HP2 3525 52 i FH W Wr o Ik
5 H E R R 7 2 F 50 Bl W 5 9 3R, 56 30 44
ZRFHE S H E MW L5, HWr B FERAT
25~35 % Z [H], Hrp 15 NI A &5 FEE, HR 15
NG Z RS EW BSR4 .

LI 5256 5 ) MUSHRA 732 (231 (3000
Wy S8 AN B 55 S 7R A, BT SIZIG S A 34 gk
ITEWT), BRATA 52 % S U6 7 A I e kAT
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BHZE HVE oy o A5 5 UL W S 56 22 H % 52 56 7 A ik
174905, BARME R4 52 R 3 BENLIT BUP 2R 5156
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Fig. 6 The mean score and standard deviation of subjective evaluation test for thirty subjects
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2023 £ 1 H
*4 ZESXAMAELRSITER (HPL)
Table 4 Statistical between-group comparison of string and dialogue(HP1)
A3 75 r
TS1 TS2 TS3 TS4 TS5
(45.546.12)  (55.1+4.52)  (62.5£3.36)  (63.0£3.55)  (68.7£4.79)
TS1(47.7£6.29) 0.000* 0.000* 0.000* 0.000*
TS2(58.7£5.07) 0.000* 0.000* 0.000* 0.000* e
TS3(66.2+3.86) 0.000* 0.000* 1.000* 0.000*
TS4(66.7+£4.49) 0.000* 0.000* 1.000* 0.000*
TS5(72.8+£5.06) 0.000* 0.000* 0.000* 0.000*
H:*P < 0.05, 5 NER (BE £ Wi ZE) .
#=5 ZESBANEABLLESGITER (HP2)
Table 5 Statistical between-group comparison of string and dialogue(HP2)
Ab BT r
TS1 TS2 TS3 TS4 TS5
(50.046.45)  (58.6+4.84)  (66.1+4.52)  (66.4+4.59)  (73.9+6.05)

TS1(50.7+5.58) 0.001* 0.000* 0.000* 0.000*
TS2(58.9+4.78) 0.001* 0.000* 0.000* 0.000*
TS3(67.1+£5.46) 0.000* 0.000* 1.000* 0.000* M
TS4(67.4+£5.51) 0.000* 0.000* 1.000* 0.000*
TS5(75.545.74) 0.000* 0.000* 0.000* 0.000*

¥ P < 0.05, 5 ARR (IME £ AriEmZ).
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