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Introduction 3

= Operational Transconductance Amplifier Linearization PT&

* Project objective
» Improved cancellation of OTA non-linearities
» Method: distortion created in an identical auxiliary path — subtracted form main signal

* Motivation
» Robustness of linearization to process variations
= Compensation for frequency-dependent linearity degradation

» Applications with operational transconductance amplifiers (OTAS)
= On-chip filters in the 100-200MHz frequency range
+In high-IF stage of wireless receivers
+Bandpass Continuous-time ZA A/D converters (SNDR > 70dB)

» Transconductance-capacitor baseband filters
+Third-order intermodulation distortion (IM3) < -60dB
+f <50MHz (ex. xXDSL, WLAN, WCDMA, UMTS)




Introduction

T Linearization Schemes

Cross coupled differential pair

» Sensetive to PVT variations
vdd vdd

Source degeneration Vbp Vbp
—| MP1 MP1 |—

» Decrease the effective transconductance
and the available headroom
» |Increase the noise due to lower —_— -
o ) lout+ lout-
transconductance and addition of resistors

anal : — M1 - M2 =
[ ]
Signal attenuation i — — ..
: in+ R1 Vin- R2 Vin+
= Decrease the effective transconductance M\ M
» Increase the input referred noise Ve I "——:L -E—_" I vd
1 I

Combination of Cross-Coupling Cancellation, Floating-Gate Attenuation, Source
Degeneration
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* Proposed Attenuation-Predistortion Linearization PT&

____________________________________

DO D1 D2 D3 D4 D5

* Single-ended OTAs 1./"‘J"‘::2 $ 3 7 %

: Ci
i phase shifter I digitally programmable resistor ladder

e Effective transconductance

main path

» Gmy, = ¥2 Gm of non-linearized OTA with . g:l?feer
input-attenuation factor of 0.5
» Same dimensions & bias in both paths Vin
O— V,

» Conditions for cancellation
» GmxR = 1 in aux. path
» R, = R for optimum cancellation

» R, & C, give 15t-order frequency compensation
— pole frequency = 1/R.C,; — phase shift

laux = GMVip/2 + inon-lin{vinlz}
Vy=Vinl2 + inon—lin{Vinlz} X R
Vdif = Vin/2 - inon—lin{Vin/Z} / Gm

* Advantages
» Even with the presence of 10% Mismatch
20dB cancellation can be obtained iout = GMVin/2 + inonuin{Vin/2} - inon-in{ Vin/2}

* In the presence of 1% mismatch the _ -
* Ihon-in{Vm} represents the distortion

cancellation can be as much as 40dB components of the current generated
by Gm with input voltage amplitude Vp,
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i Single-Ended OTA for High-Frequencies TF&

----------------------------------

* Topology modified from 3-current mirror OTA
= No cascode output stage
»Stacked devices are less effective with 1.2V supply
+Min. lengths (min. capacitance) for 100MHz operation

<
N

— Iy, Of transistors as low as 1.5kQ
= Modified OTA

+Similar output resistance as cascode (0.13um tech.)

<
w

+More linear with large signal swings N et

Parameter Value

Gm 776uAINV

* Basic SPeCcs - Excess Phase 2.6% at

(0.13um CMOS, 100MHz
1.2V supply) R, 13kQ

Gain Bandwidth Product 622MHz

Power 2.4mW
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B Fully-Differential OTA Linearization Am

. . . p Y o br pe D3 ps Ds

* Fully differential architecture offer many [PV SNl B R SO S R (O S A
advantages over single ended circuits R m

i phase shifter %C digitally programmable resistor ladder

faux= GMVin/3 + inon—lm{vmlg}

* Generalized conditions for attenuation- v, , _
. . . . . J phase
predistortion linearization o T shieer

Vy =V, + 3/Gm x inon-lin{vin/3}

’,' ) 3 lef: Vln/3 - inon—lm{Vm/3} /Gm

iout ~ Gme/3 + inon—lm{vmls} - inon—lm{vln/3}
main path

(dig. prog.)

= Non-linearity cancellation: ST auxiliary path) ' lout
' w —0_ . T +3
E Em Coy, :VdifT lem
(l_kl)GmR=1 ! k2 = k1/2 § W R=3/Gm [0 E - lout

Gm_ef‘f = kZGm kZGmRSl b et
Vo b
* To ensure IM3 = 0 based on Volterra series: v
Rcz(l_k1)+2C°/CR o
2k,

lout

* This design: k; = 2/3, k, = 1/3

- RC:<R/4)*(1+6CO /C) | > \{il +gm3vi13 R T \ﬁz @fg:ls\\//l.zzs

lout
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Fully-Differential OTA Am

Vg
Parameter Measurement
lb1 lb1 Transconductance (Gn,) 510 pA/V
IM3 @ 50MHz
| |_\./b1 Vor, (Vin = 0.2 Vp-p) -55.3 dB
Vo- \Vj V
K 1rof |-oV1- o Noise (input-referred) 13.3 nV/\Hz
V2+O'| I-OVZ.
|_\'/bz Vi Power with CMFB 2.6 MW
Iy
Ver V,£| PSRR @ 50MHz 48.9dB
1 | F | Supply 12V
E Vo o* Amplifier E Vaa
: BN > :
E Vem H
_ ]
: CMFB Vref H

----------------------------------

Folded-cascode OTA
(implements G, in main and auxiliary paths)

» Error amplifier compensation with resistor R, in CMFB improves
extends the bandwidth of the common-mode rejection:

Cos Cos

2
GBW = \[Ay @, -0, = |4y 0, lp
'Rz (Cgs /2+ (ngL !z)cdg)
» Affect of R, on stability according to phase margin (PM): Error amplifier circuit in the common-mode

1 2R,C; feedback (CMFB) loop
PM =tan™| |4, ;- £
(Cgs 12 + (ngL K12)(’112"3 )




I3 (dBc)

[4

% change of R

R RV ]

Proposed Linearization Approach

Theoretical IM3 higher than 70dBc with up to +10% variation of Gm and +5% of R,
= Can be ensured by matching devices in the layout
» Robustness verified with schematic corner and component mismatch simulations

Sensitivity of IM3 (in dBc) to component mismatches:

: w0
]
I &

00 e :

CII @ a0
80 | =7
TO o = B0
504,
20 20 <
10 20 =5
] B 10 o
0 - ] -10 10
200 20 10 o 20 o0 _
% change of R_ % mismatch of G _ % change of R % mismatch of G
20 20

] TP‘L[& o 1:*“7\'&\

o b

fh

75

1
5 10 15 20 -20 -15 -10 0-5 0 5 10 15 20
% mismatch of Gm Yo mismatch of Gm

10MHz signal frequency 200MHz signal frequency

= High-Frequency Effects & Process Variation aJv
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+ Simulated Fully-Diff. OTA: Mismatch of Critical Components ’T&

* IM3 better than 71dBc for £7.5% Rc-variation
* IM3 better than 71dBc for £3.3% R-variation in the presence of 10% Gm-mismatch

 Reference OTA has IM3 of 51dBc

— IMD — IMD
100 100 0(990.0, 98.74dB)
65 0. 0(689.9, 94.69dB) a5.0]
90.0 90.04
BSU‘ 555-“-
© 80.0; M2(741.8, 71.46dB) 80.0-
75 o] M2(954.0, 71.44dB)
’ 75.04
70.04
65 0. M1(632.3, 71.58dB) s M1(1.023x103 71.46dB)
65.0 T T T T
60.0 . : . i _ _ _ _ _
800 550 200 280 925 950 a7s5 R(]lﬂ) 1.0 1L.03 105
Re(Q) _ )
IM3 vs. change in R, at 350MHz IM3 vs. R with 10% transconductance mismatch
: C

between main OTA and auxiliary OTA at 350MHz
Theoretical IM3:

3 _ _ ) | |
hims = gms(LJ (3Vir211Vin2/4{1+ Ja’lc((l_kl)R_kch)JrZleCoRj {1_ Ja)lc((l_kl)R_kch)_ZJC’)lCoRJ

1+2C,/C 1+ joob —co? 1— jonb —cof

ki/2 1+ Ck,R
- gms(mj (3Vir211V|n2 /4\ Ja)l 1
+2C, l+ jab — Ca)l
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Variation of Resistor R & Calibration Am

o B Auxiliary OTA:

=7 . i P . i VX
—E@ —Z5 @@ 25 5
percent_diff
A %Ei —BE. 117G della: (4 5 40257)
B: (4 —62.7137 slope: 1.25098 J
THD vs. %-variation of resistor R \{rx

640Q (50%)

\A A4

e ATHD < 5.4dB requires accuracy of R within 4% 6400 (50%)

e Some form of calibration is necessary > 32002 (25%)

= Digital (implemented): R can be adjusted with discrete
steps until GmxR =1

= Analog tuning also a possibility: comparison of Vin and
Vx with an error amplifier (Vpeak, Vrms, etc. should be
identical), automatic adjustment of R (transistor biased in
triode region)

 160Q (12.5%)

> 80Q (6.25%)

le AAA AAA | AAAA.

> 40Q) (3.13%)

A |AAA

4

Total Rc =1.28kQ in this design
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i Variation of Resistor Rc & Calibration AIM
oy i THD_dB Main OTA:
|
. —BE i /
- [
-L_} -
— =70 [ B
—BE N N I P S
— & —14 & Z@
delta_percent
A (5. 12563 —75.801 delta; 1—4.03653 5.93220)
B: (1.0BE5 —G9.8687 slope: —1.46965

€

THD vs. %-variation of resistor Rc

fo—0

A A A4

640Q (50%)

e ATHD < 6dB requires accuracy of Rc within 4% >
> 640Q) (50%)

e Requires same calibration approach as for resistor R > 32002 (25%)

= Simplest: cycling through switch combinations until
optimum linearity

= Options to assess performance in the digital domain:
+  Monitor HD3 or THD (if A/D, DSP are available)

+ |In receivers: monitor bit error rate

LT,

AAA

1600 (12.5%)

AA

 80Q (6.25%)

> 40Q (3.13%)

Total Rc = 1.28kQ in this design




Measurement results

Measurements: Fully-Differential OTA  A]m

“H

* 0.13pum CMOS Testchip
* Fully-differential reference OTAs & linearized fully-differential OTAs
= 2nd-order low-pass filter with linearized OTAs

Input-referred IM3 (Vin = 0.2 V)

EMRLA SRS LAAL

OTAtype Noise
50 MHz 150 MHz | 350 MHz m}ﬂq“{;ﬁmu
(input Reference ) 13.3nVVHz | 55.3dB | -60.0dB | -58.5dB
Linearized
(attenuation = 1/3 21.8nVANHz | -77.3dB -77.7 dB -74.2 dB

& compensation)

Gl B Sresir 19 6lgy HeF — el —H8:68 el CH B Spectrum 18 dB/ REF -4 dBm -74.154 dB
1 g g g g : : : : 4 = 5 n - -

1B kHz : : : : : ma 5 kHz
Ak : : : :

Avg
16

'm'J'Jrrmum:'
Die micrograph

Reference OTA area: 0.033mm?
Linearized OTA area: 0.090mm?

LS S B

e L L L EE I ¥
Uncompensated OTA IM3 Compensated OTAIM3

(input: 0.2V, ,@350MHz) (input: 0.2V, ,@350MHz)
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* Fully-Differential OTA Comparison With Previous Works PTFI

* Figure of Merit [1]:
* FOM = NSNR + 10log(f/AMHz) where:
* NSNR = SNR4g, + 10log[( IM3y / IM3 )( BW / BW\ )( Py / Py )] from [11]
+ Normalizations: SNR integrated over 1IMHz, IM3, = 1%, bandwidth BW, = 1Hz , power Py = 1mW
* Competitive performance with respect to the state of the art
= Effective trade-offs between linearity, power, noise
» Proposed method can also be applied to low-frequency OTAs optimized for low power consumption

arronst | oSS [ east [ s)ssee [ EESSCe |y won
IM3 - -47 dB -70 dB -60 dB - -74.2 dB
11P3 -12.5 dBV - - - 7 dBV 14.1 dBV
f 275 MHz 10 MHz 20 MHz 40 MHz 184 MHz 350 MHz
Input voltage - 0.2Vp, 1.0 Vpp 0.9V, - 0.2V,
tranzg(‘)"’nedrljctor 4.5 mw 1.0 mW 4 mW 9.5 mwW 1.26 mwW 5.2 mW
Input-referred noise | 7.8nVAHz | 7.5nVANHz | 70.0nVAHz | 23.0nVAHz | 53.7nVAHz | 21.8 nVAHz
Supply voltage 1.2V 1.8V 3.3V 15V 1.8V 1.2V
Technology 65 nm CM0OS|0.18 um CMOS|0.5 ym CMOS|0.18 um CMOS|0.18 ym CMOS|0.13 um CMOS
FOMgg) 87.5 92.9 96.1 99.1 100 105.6
Normalized [FOM|** 1.0 3.4 7.1 14.3 17.8 64.3

* Power/transconductor calculated from filter power. Individual OTA characterization results not reported in full.
** Normalized FOM magnitude relative to [12]: Normalized [FOM| = 10N (FOMg)/10) / ( 10 (FOM4)/10) of [12] )
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= Measurements: Filter with Linearized OTAs E]F&

« IM3 is degraded 2-3dB due to non-linearity of output buffer parameter rae
Corner frequency (faq,) 194.7 MHz
Passband gain 0dB
* IM3 = -70dB up to 150MHz for a 0.2V, , two-tone input Gain of output buffer (Gm, x500) | 34248
GMyzs4 510 pANV
* Broadband linearization due to compensation with phase
shifter (IM3 of -66.1dB at 200MHz, with f_ = 194.7MHz) Vinr oot 1T Vbur+
Gm; Cl'L Gm, Gm; 50 O
Vin- oz i O + - (off-chip)
IM3 (Vin = 0.2 Vp,p)
Vewrs Vemrs Vewrs
Linearized| 50 MHz 100 MHz | 150 MHz | 200 MHz
Filter 73.9dB 69.6 dB 69.7 dB .66.1 dB 2d-order low-pass filter diagram & design parameters

CHI B/R  log MAG 18.4 dB/ REF -5@ dB -3.0956 db CHONER R C cnun I 9 Gl 337 =419 Elan I & 2155 20

; ; :: : 183750715882 ItHz A o Emu

S R oo I - A e e e OO
) [ s s o [
= : : : : : : :

ST N COUUO VU S SOOOOUOOOOO SO FUUUNE OO SO T8 OO 00 N FOOOOOOOPLIOUOOUUO OO SOTOON UESUUOUOPEIOOOOPOUEIN IUTION SO 69.7dB

. -37.2dB.@194.7MHz.

:34.2dB @ 1MHz

IF BW 1 kHz POHER @ dBm SKHP_ 994.5 msec 5 Hz VEH 38 Hz ATHH @ 4B TIF 4. 181 sec

ST 3 Gl Sl = il EER 150 e SPAN 408 kHz
Frequency response of the IM3 with compensated OTAs

2nd - order low-pass filter (input: 0.2V, ,@150MHz)
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= Measurements: Filter with Linearized OTAs  A]m

40 60 1

40

20

+ Pin - -

20 =
I Pin| _+- g

I

20 g0 e goRe

-40 4

-20 —

-40

T - | IM3
-60 ®

-80f
-100 A —
-16 -12 -8 -4 0 4 8 12 16
Pin [dBm]

- IM2

-60 | > 2

Input-referred power [dBm]
\
Input-referred power [dBm]

2100 R
-25-20 -15-10 -5 0 5 10 15 20 25 30 35 40

Pin [dBm]
In-band 11P3 (14 dBm) In-band IP2 (33.7 dBm)
40 | 6
g 207 —z- E a0 —=
= + Pin =L 5 T =T
5 0 T a4 P — 20 =T
T y el /] o Pin| _|-—""|_-
S 20 we® o s Ot T 2
= T - a T o?® -1
(<5} -40 1 - fe) -20:;.—'*. —~
= 4 P ) T Pts
‘_9 T ./ IM3 = -40 T -
S 0 o 5 1 pag
= I .,«’ X 60T »’“
-80 a T
= T g w=®
2200 Trrrlerebenn bbb b b
23 -19 -15 -11 -7 -3 1 5 9 13 17 ~100 T e e e e e e

-25 -20 -15 -10 -5 0 5 10 15 20 25 30 35
Pin [dBm]

Out-of-band 1IP3 (12.4 dBm) Out-of-band 11P2 (30.4 dBm)

Pin [dBm)]
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=Comparison of wideband Gm-C lowpass filters am

[2] [6] [26] [27] [28] [29] [30] This work
Filter order 5 5 8 4 7 5 3 2
f_ (max.) 275 MHz 184 MHz 120 MHz 200 MHz 200 MHz 500 MHz 300 MHz 200 MHz
Signal swing . 030V, 0.20V, 0.88V, 0.80V,, 0.50V, . 0.75V,,,
o , , , , , IM3: -31dB
Linearity with ) HD3, HD5: THD: -50dB | THD: -40dB THD: -42dB | THD: < -40dB )
max. Vlnp_p < -45dB @ 120MHz @ 20MHz @ 200MHz @ 70MHz @ 150MHz
n-band 11P3 -12.5dBV 7dBV ) ) ) ) 3.9 dBV 1.0 dBV
(0.5 dBm) (20dBm) (16.9 dBm) (14.0 dBm)
19 dBV 20.7 dBV
In-band 11P2 - - - - - - (32 dBm) (33.7 dBm)
Out-of-band -8 dBV ) i i ) i i -0.6 dBV
IIP3 (5 dBm) (12.4 dBm)
Out-of-band 15 dBV ) i i ) i ) 17.4 dBV
P2 (28 dBm) (30.4 dBm)
Power 36 mW 12.6 mW 120 mW 48 mW 210 mW 100 mW 72 mW 20.8 mW
Po‘gs{eper 7.2mW 2.5 mwW 15 mW 12 mw 30 mw 20 mwW 24 mW 10.4 mW
Input-referred | 7 g\ viVHz 53.7 - - - - 5 nV/NHz 35.4 nVINHz
noise nV/\Hz
Dynamic 44 dB* 43.3 dB** 45 dB 58 dB ; 52 dB - 54.5 dB**
range
Supply 1.2V 1.8V 25V 2V 3V 3.3V 1.8V 12V
voltage
Technolo 65 nm 0.18 pm 0.25 ym 0.35 ym 0.25 pm 0.35 um 0.18 um 0.13 ym
9y CMOS CMOS CMOS CMOS CMOS CMOS CMOS CMOS

*Reported spurious-free dynamic range.
o *** Calculated from max. V

ppr T

and input-referred noise density.

** Calculated from 9.3uVy,,5 IN 30kHz B
**xx IM3 of -31d

W

B measured close to f, ensures THD < -40dB.
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¥ Excess phase compensation Am

OTA-C Integrator with Excess

» Linearization introduces a pole that can v Phase Compensation
cause stability problems = 50 ©T 1 ifé

Vi. Vo.

- The effect of the pole can be cancelled by ————————————
adding a series resistance with integrating I;.T+\

. Gmy
capacitors , ch/,%;y% ? B | Ver

Ros v

» Poles effect can be partially cancelled in Vin °‘;\m4
nodes where multiple OTAs are connected S1—
together Single-ended equivalent block

diagram of a bandpass biquad

R, =300
/ @=3.1)
\s\\

i lg 4%)/' \\;\\\
o3
254 \

IVes / Viol [dB]

107 2x107 108 2x108 10

Frequency [Hz]

Filter simulations with different Rs values
for excess phase compensation
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= Linearization without power budget increase AJm

* Linearized OTA consumes twice the power of non-linearized OTA

* Linearization can be done while keeping the power the same by dividing the
power budget between the main and auxiliary OTA

Vpsat Of £ with Input- M3 Normalized
OTA type input diff. 536d(b2 load referred Power V. =02V ) [FOM|*
pair (M,) noise in = == Tpp (at fz)
Reference ¢ _53_'13(;3@:2
(input attenuation = 90 mV 2.49 GHz 9.7 nV/WHz 2.6 mW max - 57.2
1/3) (-53.2dB at
100MHz)
Linearized
(attenuation = 1/3 54 mV 1.09 GHz | 14.3 nVIWHz 2.6 mW "r7.1dBat 119.2

& compensation)

f o = 100MHz

Simulated comparison: OTA linearization without power consumption increase




Conclusions

+ Summary & Conclusions Am

* Proposed attenuation-predistortion technique
= Effective over a wide frequency band and across PVT variations
= Independent of OTA circuit topology
= Allows linearity, noise, power design trade-offs with state of the art performance
= Compensation for PVT variations are based on digital adjustment of resistors

* Measured performance
= IM3 improvement of up to 22dB compared to identical reference OTA w/o linearization
= IM3 as low as -74dB with Vin, , = 0.2V at 350MHz
= Suitable for filter applications requiring an overall IM3 < -70dB up to the cutoff frequency
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Additional Slides

B Linearization Basics

* Linearity Improvement Concepts
= Effect of odd-order harmonics can be reduced by:
+ Signal attenuation
+Cancellation
+Feedback
= Even-order harmonics are suppressed in fully-differential circuits

A Funda}'mental

o
= HD3
(] ®
(@)]
s
2 HD5
HD?2
I HD4
I - f (Hz)
f, 2f 3f, 4f, 5f,

Spectrum for a fully-differential OTA without odd-order cancellation
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Single-Ended OTA: Device Dimensions Am

IF’_ w R

M4
V"o-d Y SV LT
ws 1 G
Rs
Vb Vb Ro
Rd
Component Design (W/L in pm)
(W/L)n 43.2/0.12
(W/L)hn 38.4/0.24
(W/ L) 11.04/0.24
(W/ L) 153.6/0.24
(W/L)ms 44.16 /1 0.24
Rs 250Q
Rd 7002
vdd 1.2V
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= Single-Ended OTA: Schematic Simulations

Comparison with Vin, , = 200mV @ 100MHz:

Parameter Reference OTA Linearized OTA
G fgciive Gm/2 Gm/2
THD 1.32% (-37.6dB) 0.048% (-66.8dB)
HD2 helow fndamental) 37.68dB 66.68dB
HD3 helow fundamental) 54.35dB 84.26dB
mﬂﬁﬂ% 42.8dB 61.9dB
Input-referred noise 17.30V/"Hz 27.7aV/\Hz

Comparison with Vin, , = 200mV @ 10MHz:

Parameter Reference OTA Linearized OTA
G feciive Gm/2 Gm/2
THD 1.31% (-37.7dB) 0.021% (-73.6dB)
HD2 thelow fundamenial) 37.78dB 73.49dB
HD3 thelow fundamental) 53.88dB 03.03dB
m(hf[fl;wﬂﬁ“-ﬁw 42.8dB 67.2dB
Input-referred noise 18.7nV/"Hz 20 1nV/\/Hz

Back to Main
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Single-Ended OTA: HD3 Simulations Al

* Output current spectra from HD3 tests

* ViN,eak-peak = 200MV

_ep.g _= DFT(lout) —gg.g v DFT(lcanc)

—&@.g —8@.8

106 1 — 100
TR ST
S o | ) i

IRV —160 :

— 18 — 186

YR T —opg L 1 1 | | '

3 T, [V NPT 7/ I ZaM 000 200M 400M &0oM

EN RIS o U T B laoow 155218 Sene: eme7en
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*  Single-Ended OTA: Noise Simulations ~ A[v

* Input-referred noise of linearized OTA is larger by a factor of ~1.6

39.6n _I : VNIN(}

T o740 |
T [
g oz2dn [
= r A /
T 17.@n G & B —_—
Thd 1Eh4 TEE M 1G
freq ( Hz )
Ar [TREITEM 1E.7Z720] delta: {98.9350M —1.428W07n)
B: (18Q.967M 17.3672n) slope: —15.6157a

OTA with input-attenuation factor of 0.5
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Biquad with Single-Ended OTAs Alw

C2
1 Gm2 j
o T
j /Pﬂ Out
In I Gm,
" H(s) C, o o — [GmGm, O- C, |GmGm,
s)= o
Gmd s Gm, | GmGm, ¢, Gm, G,
s +s +
CZ C1C2
3 Parameter Reference Filter Linearized Filter
1 Gm; 760uA/V 760uA/V
Gm, T60uA/V 760uA/V
Gm; 204pA/V 435uA/V
Gmy T60uA/V 760uA/V
C 140fF ~117fF (more parasitics)
C, 400fF ~271fF (more parasitics)




=
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AS

Biquad Simulations with Single-Ended OTAs  Av

Comparison with Vin, , = 200mV at 100MHz:

Parameter Reference OTA Linearized OTA
G grective (OTAs) Gm/2 Gm/2
f, 100MHz 100MHz
Q 2 ~2
AVpassand 1.91dB 1.77dB
Vo, 232mV 241mV
THD 3.144% (-30.1dB) 0.212% (-53.5dB)
HD?2 (below fundamental) 30.08dB 53.85dB
HD3 (below fundamental) 53.45dB 64.57dB
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