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Abstract : As the COVID-19 pandemic situation worsens, the time spent indoors increases, and the exposure to indoor

environmental pollution such as indoor air pollution and noise also increases, causing problems such as deterioration of

human health, stress, and discord between neighbors. This paper designs and implements a system that measures and

monitors indoor air quality and noise, which are representative evaluation criteria of the indoor environment. The

system proposed in this paper consists of a particulate matter measurement subsystem that measures and corrects the

concentration of particulate matters to monitor indoor air quality, and a noise measurement subsystem that detects

changes in sound and converts it to a sound pressure level. The concentration of indoor particulate matters is

measured using a laser-based light scattering method, and an error caused by temperature and humidity is

compensated in this paper. For indoor noise measurement, the voltage measured through a microphone is basically

measured, Fourier transform is performed to classify it by frequency, and then A-weighting is performed to correct

loudness equality. Then, the RMS value is obtained, high-frequency noise is removed by performing time-weighting,

and then SPL is obtained. Finally, the equivalent noise level for 1 minute and 5 minutes are calculated to show the

indoor noise level. In order to classify noise into direct impact sound and air transmission noise, a piezo vibration

sensors is mounted to determine the presence or absence of direct impact transmitted through the wall. For

performance evaluation, the error of particulate matter measurement is analyzed through TSI's AM510 instrument. and

compare the noise error with CEM’s noise measurement system.

Keywords

NER Qd Be AgEe ofn
o AFsa glon, Aa 7
AA 71 1090l o £k A
w479 3% Fdo] gov, v
19] 434 7H, 58 o
o 188 7H7k A%

gul

[}
o
= =
)
S oy
= o o

rlo N rir
2]

12

o 82 o 4 [m
(@3]
oY
=

ol

e ol

2oy &
lo
(o3
b Py
dlo
rlo K
%
oF
B
=N
> v
R
> Z
R
ON
2y

3o 1f
)
e

(

=
= i b

o
_\1(_1 -
£ N =
o ok

Hd
2
po 1 F

fe
Hd
2
il
2 do
=)
ik
ol
>
>
2ot =
1o, o,
of mx [r

>
N
N,
o,
N
oy Mo
=
offt
e ol
| N
ol @
@ o 2 ol o
)

o

>
=
JICApS?
Lo,
E)

3

=2

£to 2 ox do
2 > N
o Y &

2
N
N,

g
=

>
@)
3
1=
JZ, of
NN

>~
—— =
o
ol
-

ol
ofr
ol
KR
Oft
o to ™
12 R R Mo
2o o
ooB HU kU

w o r[f
o
£
o,
ol
Fi
w
rﬂ
ot

fr ol ol
N

g
n 0.
jg o

i
©
o ol
N
>
ol
.

(o3
>
=
S
w3
o 1z
of
o
fil
>~
>
ol
o
O
=
[f1e)
=
o
v
=

*Corresponding Author (marine@tu.ac.kr)
Received: Aug. 15, 2021, Revised: Sep. 9, 2021, Accepted: Sep. 14, 2021.
H. Cho: Tongmyong University (Assist. Prof.)

(© IEMEK J. Embed. Sys. Appl. 2022 Feb. 17(1) 9-17
ISSN : 1975-5066
http://dx.doi.org/10.14372/IEMEK.2022.17.1.9

i r
Or_{g
2,

dlo
|

f
fo rx

]
-

b g W e

o

oo mjo
ol

d gyt
dlo
o
o

ic)
o O =

et

o

il

)

b
o

R I . /= =S = e U =
rot
°

[ o
.

a
O

N oo o E o
Q.

i

: Indoor pollution, Particulate matter, Indoor noise, Air pollution, Household, Inter-floor

G

X

=
X 9

P

=

(sound pressure level)E

o
. A

o

Hd
2
fu

-}

ol AN >
< o

S (loudness equality)S <33},
AE S 93 time-weightingS =33}

s



Mm&ﬁ% b 2
501_. b ~
iak ﬂuﬂ_& e xo;n%ge_x_ﬂrqo;
B T W of o 3
kﬂﬂr,%_s T8 i 2z ¥ g 3
T ﬂ%l@%ﬂg 52 22 £
;oL7;oL — 1 w8 g2 Ml o D
e o T ojn N N Mu._ — ol k ,z]f m.wmy MM = m 5
o2 ET T, A L 5 E_f g 28
< 4% < N = o 71 & g E gl 3| - B
:.L :.17 _.E o © S & AN i v 2
= J.o,mﬁ)SszI - o 3 5 . S R =
ol o] o FE I 8 s 4 4 ~N 3 = S| o2 % Z|E 8
3 . 8 L;Zﬁu_uu(l‘_t_/ - 2 S <2 2| ®
oru R7u oru N S ) [SRpis \\\ K0 @© © ic MH = » X o
MR AN Twl8nzd ¥ K= E. sl o= 8 -
7 zﬁ]rﬂﬂ 5 N - e ~ —_ 2 o © 0/0%N ol X 5
- FE X g% g2 X5 = =558 % 5
_ Mo 2. Ao ol T oy E —~ T 2 2 % E e m-.||_ = = g =V 5
T @ﬂ@%% O#ULTm_f@ﬁMd% 7 =5 5 2 35 5
r =] = =
w = g GLEST SuT 1T - £2 [515]3 2 2|5
| —_ —~ _ = 3 ©
o ﬂqﬂwA},_fi_f%Ameux 3 SE m L 2122 % s g B <
_ = XL(\EJIZ = . =] <= = < A b} =
= ™2 N m X 3 Cpluwﬂ mom uﬂﬂ g Z 0 8 o & ~ 2
X o ~ = 0 = 8 i - r
o ow &%mawq%Mz S myg e g .
il RS Qo 7 © B N g s 21 & ol == e | s
< =< 9| & 2 m/utée g g . < o2 o= 2 o%N/o/o S 2 = o
hl Mﬂk_]fimﬂm;.6m® T z s , mw RF & 2lsg 8 B 3 E |2 £
= w_tgygmﬂmlcglwg N 25 R TR IR PR
Tl NS O |2y jras = =, | _. = ! S = % 2
i gggmz;cmmegmgﬁ ot LR NEET N wo | 7 =g ¢ |22
w W oo < ECOME_E}OO M2 58 £ @ e | N 5 “ g oz g 2
) S W E N ﬂ_.Jl7a1rL . = ol 2 g 3 %/o% vl X n 8 ‘g = s F
N ol = oF N = o~ 5 = = >00%%000 o S ] g |8
H H ®e of ER g - 3 2 = ~ g3 =V s B
ol wE fz2 3 = SET d42 | 3 s o
S 8 — . o S 3
R CRR £ I
§ mrIge zEgz o 8| f |- W o |z
o e = B o g = L@ 5% |2E
— Nd EMﬁM mefﬂo‘% M e wo NS Hm z®
= Mmﬂ W moﬂaﬂr?umm ﬁﬁéuﬁ%%ﬂ%@%% il SE &3
_— = T N juting — _
X R ap Al N o 1 ﬂﬂﬂiﬁﬂﬁz%llokiyﬂ =
_ o T e < B o o NI R ns e XM o o T
= Ho O io‘_ﬂ@;ﬁet ﬂxﬂwﬂﬂ ,A],mlﬁﬁlmﬂ Ho B ﬂaoxoﬂﬂzﬁ
L 4&?%@ mmﬂﬂ%lqmﬂmaﬂﬂ%ygﬂ%ﬂﬂ Xl E gy TN E g
E ~ 5 5 = e
0 ﬂz.ﬂ;ﬂ%zﬁ ﬂmo‘_tq,:oﬂ ao,ml.bmuﬂo&eTiiﬁJMﬂﬂ%Mﬂnwa %ﬁioaﬂv@wmﬁﬂﬂo,m_wﬁ m zﬂfwiot
TR FrETwm %fgm%qof@mwm4wﬁﬂ FitwileZgn Fellad
T = T - 7T o B X o = 5 = o T X
A R EWﬂ@m%wggﬁﬂlwmgw %ﬁ@mewam S
= X L A ! N =Xy B T E S o PR TEF SN
i) X = ‘w‘.__ Ho _L, N . Ww TuyMﬂ x <N w folm Ho n MM Mm il = &/ S 7o) T < Ulo 8 T X W% 00 ‘._M| P Tl N ﬂt_mﬂ_ No
maﬂﬂrWﬂ -2 dma il HM_UTm_%uMu%ﬂ@P%ﬂﬂo% By g B MG R i
do B P o o P Al _fo%w%%s_ymoo}wx T % ﬂéwmompmiiw% s
<] ™~ —_ i~ ﬂﬂaa J) < 2 Mol <) o = oR Ho
o#a EW = o .ﬁ o b3 o L = = ﬂo =T = ]yl T WX :.L ~ m i~ ~ S e = X = 8] = n L
NEE R Pok = o M z*ol_z?m7i%zg%i ﬂ%?lmz%%sﬂ En2hea
! E%EWWEEW%V zﬁuuuﬂﬂiJJmﬂge d.ﬂﬂk@%ﬂx ;o]mo;ﬂum%%&m?ﬁ S " oﬁé
]ﬂﬂ%ﬂ}hw];'n; % %ﬂaoo#u]}ﬂ%}mo@.ww}ﬂ Mmoo 3, Fa:._]o»ﬁoo R Y
— s N o %o T o %O Mo B X ~ H‘_ﬂ;o A ok o . o B HON o K <} > = 3 8 = b=
Fo P 9w w oHe W M B mﬂiA%m@mﬁof&u OIS L
%%ﬂi%ﬂ%iw_i Boogm & gy M T %@@QzﬁHmzﬂ%m@m@_}uﬂ_ﬂx o Ko <
%E%EEOM%%%%%& mﬂmmxﬂmﬂ%%%%%%ézﬁ&uﬂwzoﬂZMtmogﬂmﬂwﬂﬁoMMkﬁ%
o o= XN ) B < X = == N o O —~ TN ° do o o X U N ®o ~ 0 —~ "
r T < N . e ) S Lo B w0 oo T T < B
2 MTW%%W&%U%WWW Wﬂoﬁfqﬂﬂﬂhﬂﬂﬁﬂﬂh@wﬁ%%@%W%Wﬂlf%%@%qﬁwﬂ@muiofq
B Goal f S N f = —_ —_— ]_ | ey .
B vz waw;a;%ﬂwo,m;;ffw;&%%wq?zw1L_imwmliia
) w O A o —_ = —_—
ATE%EHMMATﬂm_Cmﬁﬂgzalwaﬁﬂa%mﬁomﬂsmhrmnqriaiw
T RO kI T T o NJOEP_/ E]L]];%ﬂmﬂange #Nemﬁimho
= o me NN < ,.Z_.o],_l.u,AE N Xe_dﬂ]]ﬁﬂﬂ B T No .
7xLopo_J4z¢ &]]zz]x = o 75 o T
o e S _— 77H‘_H‘_AUT_H‘_ ot,o| oo
T A Mo oF ™ T ﬂzPde_.Jo»Q
AHIT..OIJ‘“ BN VzTXO
o BN 8 o o BRI
W N T

[e]

E



clEZsE = A

I LoRa
(Al RA-02)

TFTLCD

Codec I

(Wm8994) I Speaker

S0 Memory |e—(
External
SRAM

12bit
DAC

el 2.

(a)

PMICs

[
3.3V, BY)
UsSB Flash SRAM

8y, 3.0v,

—»
-]

U
(STM32F746) | apc

MG 12bit

216MHz

>
«——

Humidity/
Temperature
Sensor

Buzzer

Hiy

(b

PM Sensor
(PMS37003)

I
I Pair of PZT

=
iz

Al DR H 2F
ZEE, (b) 255 % (¢

DLEE A|AH:

) AAE SE A
Fig. 2. Indoor particulate matter and noise monitoring
system: (a) prototype, (b) block diagram, and (c) system
operation

OMMA] H &3 ZLEHE AAH

st=4lof
W A

A

Ho17A M 1E 20224 2€ 11

SPL_PWR SPL_PWR

Mict

———<(SPLLO_OUT

ADA4505-4

Ry
d i<\
cs4 M)

10k (F) €56 | |
el 1 [10pF

T2l 3 0|3 2E MS 53 32
Fig. 3. Microphone readout circuit

R3,

$—PiEZ0_0_ouT

an

il )
PEZ0TD 2 51

_ -
Te B

Rt
7k (F)

150K (B)

2l 4 PT AlS &X 3|2
Fig. 4. PZT readout circuit

7} AHgE ook gt} o] & 98 Cortex-M7 AlE 2] MCU
STM32F746 [15]¢] AF&E9le™, o] MCU= 1IMBY ==
a9 Zg4), 320kBe] P SRAMS E3Hsln glom Wit
B 2534 AR (floating point unit)S F3star vk A
W vARAE FA57] s SAEIAR PMST003
[16] PIAHA] AAE ARESHH, &5hS SA8] H8Ae
A7rE ZHA EFY e mlolARE [17]8 AMSSISTE HA
W2 AlA= UART I Ho|~E F3 dAdxo] dHoleE
st wlolazEo 2R e dHolHE 1Y 39 32E

3,
o dele s o] Belth gle] ol xele] Fas o
& R85 @ 5 Q] W] B eEIAE 10k
xe) #5492 BAT & UES AT WA
o, ABUAE BN AFANL £ =reA A}
Azwe goel e 288 248 £ 98 ¥ ok
L BEFUY ME Be gUsE A¥E 248 4 9

A5 2430 s Azde dez A% A4 (198
e gAskgen, S48 100H ~ 1KHz 74 53

%
7] 98] 4912 LCD Y=g ol7t Z&ey,
5 RAMI A% vz 7t gl =3, A
B ARE 437 98 gy BA9} ZH, Ay

7, ® S ZEsol HAHAh

2. OJMEX] &4 L2[F

VAR A Ak A o] A EA 27 2 (b)9]



12 AU ol HBix| 2 £ BUEY AlAY M 2 T

Read internal
flash memory

Factory Setting
Start Key

Factory
calibration

read '"PM value'
from the sensor

Read factor
setting info

read PM
baseline’ from
the flash l

with Temp. and
Humidity
Write "PM
value'as PM
baseline' in the
flash memory
4 with Temp. and
Humidity

read PM value'
from the sensor

If PM value' <
PM baseline’'

Update PM
baseline'

PM ='"PM
value' - 'PM
baseline'

PM
Calculation

process

a8 5 MM ZF HAE MASH| flet SHE

Fig. 5. low chart to remove sensor-to-sensor variation
Sampling ‘—>| FFT }—‘

RMS H
SPL(dBA) H

\——{ Equivalent Noise Level (L)

Time-wi elzhtmﬁ

\-v{ A-Weighting

J2) 6. SV 2258 NS SIS ¥N2IE 5EE
€

Fig. 6. Flow chart of algorithm for equivalent noise level

sdo] wjxHeo] glew UARTES % Hol PMLO,
PM25, PM10¢] 94242 zHz} 1,000ug/m’e] %74 g
97 9L gl AA 7F] A= 1007500pg/mel A =
£10%9] 2} 100ug/m® ©l8te] FELoA= +10pg/m’e] &
A5 7He Ao ® dERY Stk 16 F, A4 13 AlA 2
T N9 A el HaE 100pg/mel A= Hdl 20pg/mP7h 2
AT 4 glom, 7)7|zke] AR P wH 5 Qlrh o
e A kel JAE AAG] 8 B =RAE 2
1A (initial calibration) ¥}4& Aotsly 2 HAHL Od 5
o} o} WA A ke PML0, PM25, PM109] 5= 3ko]
mjzwuith FAlel F5Hh Alagle] AP A AU, 27
BHAE 9% wEo] AW, Aade 27| By A4S

50
ol

2o o [ B
2L A g% oo rf

Al ZFget. o, A7 s EASEA] ¢
Aol A Fum wAEA ] AN G & FE
9lo] MCU Who] Z4] vima]e] A3k o] F Al
S AR AAe] gk s uuith ¢l FhellA F
-] 7]EA4 (baseline) S WlFEOZA ”‘*WC kel
(variation)& A3t} L Alxdlo] $8F =
Z7] 71 gE 92 gl vAEE gro]l ¥5EW 7
T s duolEste] AAMTF HAE HAaR A

AAZE A7 AAE mAEA e A (1) A5
29 FEo Hg 2akg 2Ag.

Azge

Jg
Y
ey

pla’) =pla) Fap « Ap+By « Ay +b

where, p(z) = PM2.5,, —PM25, . .

A DA pix)e wix FAEY 7| FoRRE R
Y= e Ueha, 7124 @A SAHE 255 3
4 FHE 2% Zo] (a9 FE=A0] (Bl LZA (A
T, AH)S R7gste] Au rlAdAe] %3 px)E T3
o} ATE 053ug/m’E AHE Olpg/m’2 23S E3] Ao
A e Abgstel mAst b= AA] aAS A7) TSI
AMBI10 [19]e} MM 7Ee] Afol 5 BAE7] 913 A4 o=

o
APE F Aok Ao pix)= 3021k ol EH TS
&l @] wolzE AAstel HF A g dofdinh

3 A AF ZUEHE gnzE
g FA4 Ve VEA R g5t @ (SPL, sound
pressure level)S A= A RRE AlZbsly 29 #d

& 2 @)% o] 7 4 Ak

P
SPL = 20log,,——[dB]. 2)

PREF
A7) PE 54 59 U3k, Prere 0dBY 499
SUOZ QuPaoltt. B =M= F7] T $4S =34
at7] §lste] A7k ZAlA wlo]ARES AFESISITE wlo
AREFLZRY FHHE NEE FEs}a FAaA e
Fik H91E AGsy] fEiAE S43 2 AV 28

gtk 29 34 = ol E A A FA IJEE RoFrh
=9 A3 S nE dgelmz 4 28 4 Q% 2
o] AT = it [20]

Vs 2 fapa)L 3

SPL = 20log, Vs

A7V A Vause =90l whel vlo]AZEA E8H e
AJghol™, Ve %ol 0dBY o] Aekats yeld
Vigre PFO)|AZES 540 wte} v 3 7HAARF A9
< &8 45 4 Utk

o
=]

o
=]



o stH C| =5 5t =2 X|

of fgeEo] gk Feld W [21]&
& 22 A9 A ddEte Fot
S L R T = R P |

AZtE  A-weightings IEC 61672-1
Atk FoeE JbEx] BAE (frequency

E =RdAE 1/3 SEHAE s Jks
2 ¥ (Octave Band Weighting Factors) [22]5 A}&-3}
o FaedR 7hSArE Fod Aads 2438 RMS) Al
b S ARG o] Aaike Ao A (Parseval's
Theorem) [23]0] w2} Fak4= ZHRI A 2] (49} o] Al
a2l=

DOECINES U w
VR s = n=0 — k=0 .

Axtd Agzke we 2407 93 | wo]Z2E A7)
s 2 (5)9 et o]y (time-weighting) <

Veus= == O‘)meu? wst Ve pus - (6)

7] A VPrevRMSE o] o
3, VCurrRMS+ @Al S49 A&ge ovgh ae 2
67 FZol AXEHW  2HEd HE (smoothing factor) =2
Qe gk 03 1Aole S THAH, 0ol TPhesE B
g FEge e 2H3Ig. ATE AZ2"E  (sampling
rate) & oMstH, 1= AFEA F A9 3 F shuE A
glg &= oglt) AA [EC 61672-1004 & 12598129 1% 3t

Ao HAAIEE Hof 9lon FHOR HEd 4 gt}

—~
D
=

a= lfexp(ﬂ).
T

=~ do o
b oS 1>

L;

L,= 1ologm(_§]1 £, <100 |dB(A). %

7194 fis Lio] A48 v&-S vehH, Lis i

&
oo gug omEit), o] F 9] 5 ASEE wjx =3
Ho] Wi W AAE 1 tAZYolE Eaf HolHt}
F 2014 YERAE wRel o] g &S RS AAH
T4 250 37 A" 25& ERSES Hol gl 1A
gh 57 2SENORE o85S EFeE Aol o@r] )

Ho17A M 1E 20224 2€ 13
woll B =dolAs vdlx wpolBelold AAE o] &5to]
s Al A4 4 253 dddt 595 34
st daelE o] 200kHzE MEHE T & ud
Felol WS Fdste] Fibg mrdlor WMAF oE A
Bghs etk o] dagel 54 gAAE xdshd AF
of AAE Aow A v o JEs 7Htew ¥
7] Ae 2530 AF $45S AAste A=E RolErh
ARE Ag AR UF vREd A%EI, vaEY ol
Al 2ugto e ALgAto A gt

AR 1. AL 43 TH oA 2=

Pseudo code 1. Pseudo code for Indoor noise decision

if PZTryvs > PZTireshoa then
lf ( Le(/JMJN > 43dB) | | ( daytime) or (Le(/JMJN >
38dB) || (nighttime) then
it is noise;

if (SPL > 57dB) || (daytime) or (SPL > 52dB) ||
(nighttime) then
count ++;

if count > 3 during 1 hour then
it is noise;

else
lf ( Lequ]N > 45dB) || ( daytime) or (LequIN >
40dB) || (nighttime) then
it is noise;

=
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Fig. 7. Evaluation environment for particulate matter measurement
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Table 3. Standard deviation of measured data
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Smart

phone 0.459 0 0.337 | 0.106 0 0.386

Ours 0.055 | 0.128 | 0.200 | 0.192 | 0.044 | 0.151
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Fig. 11. Verification for vibration readout circuit:
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dE B3 4 =2 AA o5 (gain) 39.092 YERL
ok Al Edol I REXE X E3 48 weo AT A
71 SEIRE AAA RS WE o 107100mVE e
wow, 19 129} o] 11%9] PZT A 7tE= A&
7}217] (shaker) [28]e ®Alstal SAlo] AES stHA H
ol & 5 Stk 7GR AA 9 A ¥E EHa sEe
Ass A Ad¥g F TE Connectivity

Vibration Sensor [18]7} 74 €& WIEE Yehygle
2 =34 AAG AR % o] AXE AE-8IA T

V.ZE

Al A MFEE Algto] Woldd upel Ay 3 oY
of ok w=FEo] Fleta o2 i 2EYA B3l A
Soll o2& AR Al TAIEC] X gtk E =
Ae Al 34 o FoA dEAd 29 =2 vAd
A FES TN 2SS AT F e Az e A
At FaEGTE AdG Al z=glol A= A wAH R 9
TEE 4] 8 AV B 7Nkl AAE ARE-E
of MAE zte] HAARE AAS L &9 Fro o 24
< Fste] wHrh A ARE EEIEE ko, A
W A&5E ZUEHE] 8 A7FE 294 gl mlela
2ES o]&3t = V&R A5 AT VEs o] &5
dA&EHor RUHE & F JEF vk tEe] F &
=9 F7E ddeted das 57 A5 E Al gz
s AAE AR A FASH 37 A9 ASEE
TR 0 WHE xFst givh ol B =feA
ArstE Al ~Ee nAHA Y] FEe AU &S 54 4
BUEY & 4 dAR, ZAE Adste weks x¥eta
BA k. MAHAE AZAT 7] AEAE 7] BA 7
37 A%l FHolof dta, HIF ASE ARV YA
£ 558 2% &Y (active noise canceling), IEY IS
S AR FH 59 7IEd ¢ AsH o} k.

g5 AR FAY LevlEss B3 oud £5UA
e 918 duits Alzdd A 85 E A QT A
s 7les gAEE AL 2¥sta gl
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