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Signal transmission mechanism of miniature implantable medical electronic devices
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Abstract: Miniature implantable medical electronic devices are a kind of miniature medical equipments embedded in human
body for a long time and used for monitoring the physiological characteristics. In order to study how to use electrical signals
to realize the communication between the implanted device and the detection equipment on the body surface, and to analyze
the signal transmission mechanism, mathematical modeling method is used to establish an intrabody conduction
communication channel model of miniature implantable medical electronic device by setting reasonable boundary conditions
and assumptions. An equivalent numerical solution model is also established for verifying the accuracy of the solution of the
proposed model. The analysis on the results of intrabody conduction communication channel model and numerical solution
model shows that the error between them is less than 1%. Moreover, the experimental data in the references are selected to
verify the consistency of the intrabody conduction communication channel model and the experimental results. By comparing
the experimental results and model calculation results, it is concluded that the error between the solution of the model and the
experimental results is less than 4 dB, with good consistency. The solution of the model is proved to be accurate, and there is
a good consistency between the model results and the experimental results.

Keywords: miniature implantable medical electronic device; signal transmission mechanism; intrabody conduction
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e

]

(478 B 88 12021-12-22 RN e R R R | A O -8 = WA= W -2

[BE&£B U )i 48 B4 31 % 50 B (2022JDRCO134, 2022YFHO110, JER R A2 8 sk ik 2 i 1 T AL KRR
2021YFSC0040) ; H FE i+ 5 Bl 5 42 (2020M683294) 5 i

[

BB o A T K S L ] Sl WA
HBERAABE DU 1R D BEA BT UL BRI H (CSXL-21103) 5 Ij‘mb ’ ﬁ:u%‘j@j{ﬁf LAYy P2 s — ST R i
PNV 62 B R BT B (17TDO3, 2021TDO02) B IE SR AE R ol R R A A R G A BEAE L S B0

(1R A TR, T W BT SE B 002 0, B 01 - T3 4, A A IR | i 8 A 4, B b — 2K
PR PR TR Eemali e oy A A 2 55 P
AR IR AR Y A SR A S B A%, AnRh 2 A



- 600 -

N e

5539 %:

AR 58 B HE A0 X SE BB T RE RIS ] |
A TE] T 3t R 00 1 RR S TR LR B A= B ik ]
DA R %l B 32 B DL (CZH Rl B ) 19 TE 3 TAEE
B A R X S B A R AR LR N, I o
(77 35 3 i % S B 5 2, IXANEA R b
XL ) A4 , i EL BEAT 280 K AR A o8 TR 3 %) 3¢
BT, AR AR5 5 HA s i SR L. it
S AEM I R GE R A UL R B RE AR E M
7 A S P AR S AT R R 45 15 BE M
W o7 SR 945 4, S A ) 45 4 D RE K A2 A 15 1
PR Dt A A SR TR B A 1 R SR 2 R
PEE BRUACER 2 1) A Rt 2o 2 RT3 T 14 A e

B SLHE B HRR S BE SRR
e E IR Z — o W AR T7 XA Bife . A
LRI R AN TCLA A o AT LA R P A 1 e 2 0 4
ARG M s, LG S Rt . A4
15 ZR G, 30 A5 BUs 2w 20 28 375 2 2, R R IR L 3
AMEZAF L AHURIEGE  FEALATE Sh ik 2 51 R &
U1 o SR N L s A = S R ER DR AT v ey
AR S AR AE . RS S
55 R0E £ vl Tl SEAR G, 38 1 I B A R A A
WA, DT AT 50 v )l A8l T R R 5
5 5 S A 10 1 2 A oo A 5 R TR R R T
AR AR 5 22 52 BN Uy 3t ATV 2 i), S 501
TE AR5 LWL O 5 TR el T s 0 A X A 1
AR ZHZLVRA BRI T, I HL e 0 4 15 2k
SR RPN N R SN SRy R L IR
Ko PRI, i AR & 8 {5 -5 S 000 1 A 3 I
32 BB A PR, o 1 2 Ml A A X 7, iR =4
SR N T H W5 AR A R E £ A A
PR A S Fe i o ke 0 2 2 8 4 il ok
I 5 TR T 15 5 B A ARG, O 7% 1Bl
' 2 Pl el i R i s 1), EL R AR 5 N A
AR A AR ERLE | MHz LR R SR/ X 2 41
P8 2 T A S /0N R b B X A 8 i ) A
B R Z M FR

ASBIE T Al R R 00 7 1 i S A A A
w o A R, LA O AR A U ST L T
F S AE AR IE P A A R DL 5 I P (A A 1
TERA R ) 1 B A 0 B oK A, LS AR A S & L A
2 i {5 T A TR i 1) VA 1 5 i R TS A
N SR REASTT SRR AU o B AR 5 e i {5 T R
B — PR IE

1 ESESHFRE

R B ORI A SRR A5 B T AR
TENE N TSS9 FUE 00 s AR A B SR B,
FHB A AR 7 3K, 45 A Maxwell 28 8L ff B¢, 2
SR AR B A S S R B AL, ik
F I ANREAB RS G, G5 U AKRALUZ (L
AR5 K TR ) A A% A T S A 5 A5 i . TEAR
b 3 A AR RN AR P S R % T AN (] S ] A R
07 HEL B R BiR B , LA ISR 43 AT 45 5 U5 SR DN A7 Ak
A5 T ) e DR e 5 A R

HR 4 25 R AR L B AR 0 IX Il T R0 B 5 1
W — DR b, e KBRS ry 19 2 2 B AR
(7, 0, z), —XF o5 FEL AR I B A A AR PN S A X
i = N A= s 11 B (rO,HO,ZO)( 1E HL R 7 #)
(Fos 0 + 1z, ) (BB ) o 22 J2 RE Ak M 1A 1) 4
N Gl S E 2 2l N OO AN AN & W LI AR S 4 |
SRR ry FoR MR RIRE AR . RS
BT MR 0 1133 52 A B, B0 F 9 IX B 2 4 v A
PRAPE R A5 ] [ PR, BRI, AN W) J2 0 4 4 5 58]
PIRR N 0,0, 0, ,0u I HLH B LLFR RN
€158, "€y 1> Exo

TEMERFAS LR e hr il 3 o BYBE I i
R E, 3 S Rk h .

E =-Vo(R) (1)
Horb RFIRAER SR 25 [ b5 it

A o AR S A, T LA e 3 0 A T

J=6E (2)
Hrp 6 KRN TRNIE TR, 6 =0 + igee,. TEHERE
= ER 73771 L AR o TR D i B AL
AT RV L O A3 A A A, BT AR

J =Ty + e (3)
Forp, T, BTN I HL AN J pressea 25 /18 I8 1 EEL 9
I3 AT

TEfER A HI T, VT = 0,153
V* Jimpressed

g

v+(Vo(R)) = - (4)

. I o ‘
HP Ve e = -E,I%mw(i“iﬁ/\itlEﬁ%?fﬁl

FILAA P A ) i 3 3
HR A 5% £ 4% R R R 2

Py NI E

10 0p\ 1 09 ¢ I

ra(rar)*rz 00 o 4ne

sl YR [E R A

8(r-r,)0(0-6,)9(z-z,)

(5)




5

- 601 —

b, 0 Fn s AR R
R o R L OB T 7 30, A

10 OX, n’  mn I
ra(}" o )_(7-2+ i )Nw = -55(1" - }"0)

5(0-0)= -3 &l (6)

o Ain=1
5(2 - zo) = }Zzz:lsin(m;rz)sin(mzzo)
Hop R, RRAR ] BRE h FoR BRI
1.1iA &4
e LRSI IERY 1 SR A0 M 7
| A S A TR N BV T S R
VR, (r‘ ro) =0
6¢(r, (9,2)
o T 7
0.(r),2) = 9.(r:,2)
J(r!s2) = J(r..2)
H, o, TR 5 s SR AL T, RN 5 J2 I L
Uisr, 5 RN s R R e WA
TERIRLK A b, 25 18 3 0 55 7 25 BT A 9 i H,
PGz T 0, ARSI R
9(r,0,2)].. =0
¢(r,60,2)].., =0
12RRESREE
TEMARME A BT BT R, ARB
R — A EAE R AR BB AR T, AR
AN TE A BEAT CFR BH+HL 28 ) (B SO AR AU BT
W T EAL i B ECTFF 5 B AEAR RIUR I 25 5
Hh 3 L I T 2O AR Y, SR SR

(8)

ARG AR S5 B IR B ] LR
20 mA, Y5 2 IEA
I=10,HAfh (9)

-20mA, 5 Tk
AW GAE S TEAFICRAE T 7EARN
PR AA R 23 77 A R FE B, A o 3 e A B WA A
(RN FEL AR A, AT S IR 55 i

2 KRIGIIER R

Shy 56 TS TR i 110 o A P SR () PR RE A 5
B T B i oA 30 TE A AT A 10 MM P 1 ] SCRR 2K
PR B UE LAY M RE
2.1 I RIE

SRy 6 TAEASE B g 1 E A A, AS B9 % H] COMSOL
Multiphysics 5.3 U {7 FLAAF 2 37 B i B e A 8

R 2] 2R 28 100 kHz R A2 2L CR s
WU IR WS B2, JLT 28I 1. [ i ise 5 4
BB AR R AT 5 25 AF o U RIEE R T, ek
PR A T R A L

F1 BEMIEIEREJLAISH (m)
Table 1 Geometric parameters of numerical solution

verification model (m)

fE =R it WA i} Btk
24e-3 20e-3 26e-3 29e-3 32e-3

1 d e H R Sk 3 B2 00 F A e 0 0 % 1 B
B M 2k R Ml H AR O 5 R 00 B s B R A
MATLAB 1 i+ 5 153 2] (9 11 55 45 3 SL 2k SRR 7
COMSOL Multiphysics 5.3 H, fiff F 24 45 51 ep (%) JL
] 245 5 A 20 S 400 57 A FROTRE RS, St £ FLA5
BN D7 ELER . B AT PR (45 SR
A ARG — B R R 2E W/ N T 1%, B 7Y (7
fif S HERA I

1| —A—d=30mm preesse
—6| - A d=30mm jizn
q| =w=d=40mm {FELZER
—8—{ = ¥ d=40mm s
{| —4=d=50mm pEem
104 - - d=50mm HEER
B —p—d=60mm {HELR
L= p= d=60mm tEgER

-12 s ]
B JEEssseeess A - 4 4]

| BNRFPETE . AR ¥ F Y

RS EAPPPES ERURI FFEI T FR S SR SLE

Bl === prc B pocpp- -]

-24 Y T T T T T ML B

100k 200k 300k 400k 500k 700k 900k
i/ Hz,

1 REVREIEIE S AT

Figure 1 Verification analysis of model solution

2.2 SEIIGIE

AWFFEIEF 2 R4 22 .24 cm, HA A7 &1 S5 R
K UEBLAL ) — Bt . Ik SRR K
250 mm . FLA2 1 mm TR B B HEJE B4 = 5 mm i1
SRR AT CREEEE : 99% ) VE A NERE 5. i T
MR IR E AW 50K R AT 240 mm 3% 5 2 A
Fil, LS BG5S P B, A0 B Sk 5 mm 5 B HE#R 65
YERAE SR, B S mm KGR MG S AT+,
[ IS 2R 1 PR IE 2 T LRI 58 B A M 5 B PRIE Al
B R B fR o i oL BT, Je e 4 BRI IR T ) &



- 602 -

N e

5539 %:

JE R L BR R ey 9 o kM 4 o Hr A
(4395A, Agilent Technologies, Santa Clara, CA, USA)
PR I 285 3 A B RE Ok S BRAS T id i o A o TRl R 1 AR
TR 5 v 5 432 WSS £ 5 A8 58 4= PRl 25, sl B 4 i 3l
IR  F) 25 A, 6 PH 22 4R Sk ok S B i P 2 (1141,
Agilent Technologies, Santa Clara, CA, USA; 1142A,
Agilent Technologies, Santa Clara, CA, USA) (&2).

e ——
e
B

Agilent 4395A Network/Spectrum/Impedance Analyzer

Ut 4

=0 A
& : SHlent§7512A%,
\Tr:\nsmissiun/Rcfl(-clion Test Set, DC to 2 GHE

S wi
g A

o / ~
e » w
R (R 999 y

o il

Receive
electrode(Agel)

Bt (Agcl)

1 Agilent 11414
200 MHz 1:1 Differential Probe
EZHiRk

2 ZBRHF/E
Figure 2 Layout of experiment

LR ARk B 5G4 Ak AR 5

-10 12
-12 11
-14 10
-164- 9
o~ —18
= =
w201 = SCHAEER (#1,d=40mm) <|
£ o - St 3
G 229 - ) THEE (12.d-domm) s
LY ]
-26
S
-28 =
=30
100k 200k 300k 400k 500k 600k 700k 800k 900k 1M
W Hz
a:40 mm IEEE R
-10 12
v I =\
-12 *\, =\
SERAEER (#1,d= Sl ol
s =110
T y el
—*—i;f(ﬂ; N RN,
o — 18 nEEe B 8
> 20 5
¥ 73
:(\5—22 6 K
Y] 5
-26 4
"
-28 : 3
=30 2
100k 200k 300k 400k 500k 600k 700k 800k 900k 1M

PR [Hz
¢:60 mm BB 45 R 3T IR

h T AL Z A I B 2 A R S R, T
5 He B A TG S 7 SAS P REAR R 2B (3R 2)
i i A B SRR [ 19-21 1R A3 3 A 200, I 2
o ABIB R P Tia 5 . ol e B IR 4 R S
TR A R IR () — Sk o 18] 3 R
SEAE R SR A R 2 Y — UM, U
R S SRR AR M A R 22 1/ T 4 dB,
PR, AT BB R AT AT 11

F2 HASHEE

Table 2 Sample parameter estimation

FA
Ak i 242 r(m)
d=40 mm d=50 mm d=60 mm
1 % 26.63e-3 26.63¢-3 26.63¢-3
LA 41.85e-3 40.85¢e-3 39.03e-3
5] 46.89¢-3 45.41e-3 43.65¢-3
Jz ik 49.1e-3 47.43e-3 45.76e-3
TE AL 35.80¢e-3 34.8¢-3 33.83¢-3
2 ik 26.73¢-3 26.73¢-3 26.73¢-3
LA 42.45¢-3 41.25¢-3 40.05¢-3
Jg Wi 46.18e-3 44.87e-3 43.51e-3
Fe Ik 48.38¢-3 46.95¢e-3 45.51e-3
TR A 36.00e-3 35.00e-3 34.00e-3
-10 12
-12 11
—14 10
-16 9
o —18 8
8 —20 - ;%
I ot =g ,d=50mm T
Bl mEmrem =
N .- e R @#1,d=50mm)
gg —24 1 -* i d=50mm)
—x— g (1)
06 B
F:7.“ Tr-
-28 3

0 2
100k 200k 300k 400k 500k 600k 700k 800k 900k 1M
i He

b:50 mm BB B L5 R 3} 08

3 REHERSLWERTRBOH
Figure 3 Comparison of model calculation results and

experimental results



5 9

- 603 -

33 i

FERTWIOEFE 3 ad SE A 75 AR AR T A A S
BEI7 L TR S ZELIR N RS 5 e g Bl 5 AR S
BRI TRSTENAN Y B E , HE—
MRGWHEIBARYE S F . N T 4 — BB EIE
TRZ AW T iZ B R § 7R AR B B IR I
(T SRR 14 13845 19 52 96 Kt , AR 4 R AE 8
R T R — EorE B SRR TR
WA —E W 225, B B ENZ AR HTIE AL T HF 5
W B, W4 B2 2 I S v 5 S AT 400 28 B
BHE AT . ARRMPFFOR % BT oA A A
AKX AT LR IIE

TEFE SR BRI, Sy 1 ] A A A Y A A
W LR U o [ PR BEAT BSR4l . 5 B
NME AU T A A 2R 2 S, A [ #1416 A7
—RERZE RN T — PO Ak S L SV
Yo HEAh, Dy T PRAE R A A A B 1 LA K% R A1)
U E I ) A TEEBERT , B X LA L AT 2
PR T e — 2B B Tk, 1 b SR 23 3 R B BAy — 5
IR 22 , 76 BB IE Fp R i a2 JEASE A 14
BIE.

FERL TGS UET7 1T, 56 T s P37 1 18 A B 24 14
BE , WA T RS AR, X T HoAt s a) iz
LR R ORI R 22 M 55 I AR A B F
Fo ARARNGURELTT e B AT Y 22 48 B2 OIS

4 45 it

N T oM SR A GRS S AE RN S 5 1
O3 AT BB AE S AL R AL, ASBIE 50 R A A
(7505 , 8 1 B A LA 1 5 2 A AL , 57 A TR
Gy ARSI R . O 1 56 TR ASE Y ) figp 4 I B
P A B S At 7 S R BB AR AR 3 e 3 A A
TYEAE R 15 AR B0 i JEVERR 04 5 O 1 B e AR I
TR AR — B, AT LT T SCRR A B ok
PEATIRAIE , X L S48 R A SO , 45 58 A AR R F fie
NS 4 R A AR i — Sk B Al AT Y

[ 2230k ]

[1] Velliste M, Perel S, Spalding MC, et al. Cortical control of a prosthetic
arm for self-feeding[ J ]. Nature, 2008, 453(7198): 1098-1101.

[2] Chet TM, Steve IP, Eberhard EF. Direct control of paralyzed muscles
by cortical neurons[J]. Nature, 2008, 456: 639-643.

[3] Miguel A, Nicolelis L. Actions from thoughts[ J|. Nature, 2001, 409:
403-407.

[4] Loeb GE, Richmond FJ, Moore WH, et al. Design and fabrication of

hermetic microelectronic implants[ C]. the 1st Annual International
Conference on Microtechnologies in Medicine and Biology. Lyon:
MMBIAIC, 2000: 455-459.

[5] Schwarz M, Ewe L, Hijazi N, et al. Micro implantable visual prostheses
[C]. the 1st Annual International Conference on Mi2 crotechnologies
in Medicine and Biology. Lyon: MMBI1AIC, 2000: 461-465.

[6] Eberhart Z. Will retinal implants restore vision[ J]. Science, 2002, 295:
1022-1025.

[7] Germanovix W, Toumazou C. Design of a micropower current2mode
log2 domain analog cochlear implant[J]. IEEE Trans Circ Syst II,
2000, 47(10): 1023-1046.

[8] Laizou PC. Signal2processing techniques for cochlear implants[J].
IEEE Eng Med Biol Mag, 1999, 18(3): 34-46.

[9] Benabid AL, Chabardes S, Mitrofanis J, et al. Deep brain stimulation
of the subthalamic nucleus for the treatment of Parkinson's disease[J ].
Lancet Neurol, 2009, 8(1): 67-81.

[10] Miura N, Mizoguchi D, Sakurai T, et al. Analysis and design of
inductive coupling and transceiver circuit for inductive inter-chip
wireless superconnect[ J |. IEEE J Solid-St Circ, 2005, 40(4): 829-837.

[11] Electromagnetic compatibility and radio spectrum matters (ERM);
Radio equipment in the frequency range 402 MHz to 405 MHz for
ultra low power active medical implants and accessories; Part 1:
Technical characteristics, including electromagnetic compatibility
requirements, and test methods [S]. Sophia Antipolis: European
Telecommunications Standards Institute, 2002.

[12] Zimmerman TG. Personal area networks (PAN): near-field intra-body
communication [D]. Massachusetts: Massachusetts Institute of
Technology, 1995.

[13] Pun SH, Gao YM, Mak PU, et al. Quasi-static modeling of human limb
for intra-body communications with experiments [J]. IEEE Trans
Inform Technol Biomed, 2011, 15(6): 870-876.

[14] Zhang S, Pun SH, Mak PU, et al. Measurement and analysis of channel
attenuation characteristics for an implantable galvanic coupling human-
body communication[ J]. Technol Health Care, 2016, 24(6): 821-826.

[15] 3k, A@F, Foef, § . — AR THA XA 09 £ I1I84T,
F [, CN201621101740.5[P]. 2016-10-08.

Zhang S, Qin YP, Li XF.et al. An experimental probe based on
implantable human communication, China, CN201621101740.5[P].
2016-10-08.

[16] Plonsey R, Heppner EB. Considerations of quasi-stationarity in
electrophysiological systems [J]. Bull Math Biophys, 1967, 29:
657-664.

[17] Farina D, Mesin L, Martina S, et al. A surface EMG generation model
with multilayer cylindrical description of the volume conductor[J].
IEEE Trans Biomed Eng, 2004, 51(3): 415-426.

[ 18] Wallace PR. Mathematical analysis of physical problems[ M ]. New
York: Dover, 1984.

[19] Gabriel C, Gabriel S, Corthout E. The dielectric properties of biological
tissues: I. Literature survey[J|. Phys Med Biol, 1996, 41(11): 2231.

[20] Gabriel S, Lau RW, Gabriel C. The dielectric properties of biological
tissues: II. Measurements in the frequency range 10 Hz to 20 GHz[J ].
Phys Med Biol, 1996, 41(11): 2251.

[21] Gabriel C, Peyman A, Grant EH. Electrical conductivity of tissue at
frequencies below 1 MHz[J]. Phys Med Biol, 2009, 54(16): 4863.

[22] Zhang S, Liu YH, Qin YP, et al. Experimental verification of human-
limb channel modeling for muscular-tissue characteristics[ J |. IEEE
Access, 2019, 9: 122769-122783.

[23] Gielen FL, Wallinga-de Jonge W, Boon KL. Electrical conductivity of
skeletal muscle tissue: experimental results from different muscles in
vivo[J]. Med Biol Eng Comput, 1984, 22: 569-577.

[24] Zhang S, Pun SH, Mak PU, et al. Experimental verifications of low
frequency path gain channel modeling for implantable medical device
(IMD)[J]. IEEE Access, 2019, 1: 11934-11945.

[25] Song Y, Hao Q, Zhang K, et al. The simulation method of the galvanic
coupling intrabody communication with different signal transmission
paths[ J]. IEEE Trans Instrum Meas, 2011, 60(4): 1257-1266.

(3% %07 A)



