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Á�:��Øü¬¬9|§Ýÿþ&Ò¥�$ªZ6!Jp§Ý&Ò��O°Ý,�©JÑ
�«Äuª��[
ò»(trans dimensional simulated annealing, TDSA)�ü¬¬9|§Ýuÿ�{. T�{ÄkòAIC(Akaike informa-
tion criterion)&Ò�ê�äOKB\æ�Å�¥±BéZ6�êæ��O,?|^¤�O�Äu&ÒªÌÚÓ
�Ùg��Metropolis HastingsÅ�é�A�ê�Z6ªÇ?1æ�,���O
·Üþ!Úpdæ�Å�éü¬
¬9|§Ý?1æ��O.�ýÚü¬¬ó§¢�(JL²,T�{3Z6�ê����¹e,U
k�/³�$
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A new method for measuring heat zone temperature of
single crystal furnace

ZHANG Xin-yu, LIU Ding†, WANG Jiao, LI Qi
(School of Automation and Information Engineering, Xi’an University of Technology, Xi’an Shaanxi 710048, China)

Abstract: We propose a trans-dimensional simulated annealing (TDSA)-based method for the temperature measurement
of the single crystal furnace heat zone to remove the low frequency interference and improve the estimation accuracy of the
temperature. This method firstly introduces Akaike information criterion (AIC) into the sampling mechanism to estimate
the number of interferences, and then utilizes the designed Metropolis Hastings sampling mechanism that combines the
signal frequency spectrum and roulette-based ideas to sample the estimated number of interference frequencies. Finally a
mixed uniform and Gaussian distribution sampling mechanism is designed to sample and estimate the temperature of the
single crystal furnace heat zone. Simulation and practical engineering experiment results show that the proposed method
can effectively restrain the low frequency interference and accurately detect the temperature of the single crystal furnace
heat zone with uncertain number of interferences.

Key words: single crystal furnace; heat zone temperature measurement; low frequency interference; trans-dimensional
simulated annealing; maximum likelihood criterion; Akaike information criterion; least square

1 ÚÚÚóóó(Introduction)
ü¬¬´|^�.{)�8¤>´á��Ì��

�,3Ù��ó¥?uÄ�/ . 3ü¬¬�.ü¬
7�L§¥,9´7ü¬)����°Äå,¬N)
�é§Ý�Cz4Ù¯a. �X$B��å8¤>´
��¦ØäJp,é§Ý�½5!°(5ÑJÑC
�����¦,§Ýu)[��CzÑ�U¦¬Nu
)� ��.¬�}[1]. ,3¢SL§¥,¬N=
Ä!l�=Ä!\9ì«Å�CzÑ¬�9|§Ý�

5�½�$ªZ6,\þDaì������½�ÿ
þD(,��ÿþ¤��§Ý&ÒÅÄ��[2]. Ïd,

XÛ3õ�$ªZ6�3��¹e,éü¬¬9|§
Ý¢y°(ÿþ±����9|§Ý,÷v¬N)�
��¦,Òw�4��
.

8c,9|§Ý�ÿþ�{Ì�kù	ã�
{[3–4]!(Æ{[5]!9>ó9ù	Daì:é:��

{,�duü¬¬#.9|ÑCk9¶,��ù	9
�¤�À�Ú(ÅD4´»É�{	,ù	ã�{Ú
(Æ{ØUA^uü¬¬�9|ÿþ¥. IS	ü
¬¬�û�Bu9|§Ý��,�õæ^ù	§ÝD
aì:é:��{,é��.¡²¡?\9ì�§Ý
?1ÿþ,?m���9|§Ý,,�æ^þ�È
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Ä7�8: I[�E�;�Ä7]Ï�8(2009ZX02011001);I[g,�ÆÄ7]Ï�8(61075044);��ÜÆ¬:Ä7(`kuÐ+�)]Ï

�8(20136118130001).
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Å!¥�ÈÅ!±9��¢�ÈÅ�DÚ�{5ÈØ

9|§Ý&Ò¥�Z6. ¢�y²,ù
ÈÅ�{Ñ
ØUéÐ/ÈØZ6,lÃ{��ó²����
¦[2]. ©z[2]éü¬¬9|§Ý&Ò?1
ªÌ©
Û,JÑü¬¬9|§Ý&Ò¥�3õ�$ªZ6,
¿�§Ý�k�&Ò´�úCz�. õª�ÅìÚg
·AD(-�{U
k�/�Øõ�$ªD(. ©
z[2, 6]©OJÑ
Äuâf+`zÌ��g·Aé
�ÈÅìÚõª�Åì,±ÈØõ�$ªD(. ©
z[7–8]JÑ
�8�z�g·A�ÅìªÇ�O�
{,U
Ó�¦ÑÌ�!ªÇÚ� ,�T�{��`
(JÉÑ\&ÒÌ�K���,°�5��. ©z[9]
JÑ
�«8�z�g·A�ÅìªÇ�O�{,;
�
Ñ\Ì�é(J�K�,�E�3ü�Ð©ëê
é(JE¤K��¯K.±þ©z¤J�{þb�ª
Ç�ê®�½öªÇÚªÇ�êþ®�,�3ü¬¬
¢Só��L§¥,Z6ªÇ9Ù�êéJ(½,¿
�Z6ªÇ¬�X,
��þ(X¬=!l�=Ä
�)�N�Cz,ØO(�Z6�ê9ªÇ�k�&
Eò��Ã{k�/�O9|§Ý$����O�

{�}.

Cc5,�_a=ê��Åó�Akâ(reversible
jump Markov chain Monte Carlo, RJMCMC)�{[10]�

JÑ��Og·A�ÅìªÇ�ê!ªÇ!Ì�Ú�

 Jø
#�g´,©z[11]òRJMCMC�{^u�
Oõ��u&Ò��ê!ªÇÚÌ�,duRJMCMC
I�(½k�©Ù�ëê,¿�OK¼ê�3�½�
¯K[12],°�5��. ©z[13]/�RJMCMC�{�
ª�|¢Å�,JÑ
�«ª��[ò»�{(trans-
dimensional simulated annealing, TDSA),T�{ØI
�(½k�©Ù,¿�æ^4�q,OK?1Ï`.
duÙäk�p�½5ÚÂñ5,y®�2�A^
uÜ6£8[13]!&Ò?n[14–15] Ú�
àa[16]�+

�.

Äu±þ�Ä,�©JÑ�«ÄuTDSA�ü¬¬
9|§Ýuÿ�{. T�{ÄkòAkaike&EOK
(Akaike information criterion, AIC)=&Ò�ê�äO
KB\æ�Å�¥±BéZ6�êæ��O,?|
^¤�O�Äu&ÒªÌÚÓ�Ùg��Metropolis
HastingsÅ�é�A�ê�Z6ªÇ?1æ�,,�
�O
·Üþ!Úpdæ�Å�éü¬¬9|§Ý

?1æ��O.���©ÏL�ýÚó§¢�y²

T�{�k�5,T�{3Z6�ê���cJe,
�k�/³�$ªZ6,¿�U
O(/uÿü¬¬
9|§Ý.

2 ¯̄̄KKK£££ããã(Problem description)
3ü¬¬�ó�L§¥,duÙSÜp§!KØ�

�¸Ú#.9|¥9¶(�6Ù)�ñ	,¿ØUé�
�9|§Ý?1ÿþ,9|§Ý´d\9ì�ó�
G�û½,Ïd,��æ^ý�1��{m�¼�ü
¬¬�9|§Ý,=|^(¯Ý�Ð�ù	DaìÏ
L¬9m�¼���.¡²¡?\9ì�§Ý,?
m�¼�9|§Ý,^uü¬¬�§Ý��.ÿþ�
nXã1¤«.

ã 1 ü¬¬9|§Ýÿþ«¿ã
Fig. 1 Sketch of single crystal furnace heat zone

temperature measurement

3�.ü¬7�L§¥,du�í¿í!l�=
Ä!¬N=Ä!\9ì>«Å�éü¬¬9|§Ý

&Òäk�½�Z6,ù	Daì�ÑÑ&ÒØU�
�^uü¬¬�§Ý��,Ïd,I�é&Ò?1?
n. Ï�ü¬¬9|§ÝCz�~�ú,3�ã�m
S�±w���ð½&Ò,�l�=Ä!¬N=Ä!\
9ì>«ÅÑ´±Ï5�Z6,�d,©z[2]JÑ
ÏL��~þC%C§Ý&Ò,¿�|^Fp�?ê
%C$ª±Ï5Z6,Xeª¤«:

y(n) = c +
k∑

i=1

(ai cos(ωin∆t) + bi sin(ωin∆t)),

(1)

ª(1)¥: c�§Ý&Ò, ωi�Z6ªÇ, aiÚbi�Z6

Ì�, ∆t�æ�±Ï, k�$ªZ6�ê. duù	D
aì3ÿþL§¥�3�½�ÿþØ�,�âuÿn
Ø9¢�y²[17],ù�ÿþØ�Cqw���©Ù,
Ïd,�©òª(1)���

y(n) = c +
k∑

i=1

(ai cos(ωin∆t) +

bi sin(ωin∆t)) + v(n), (2)

ª(2)¥: v(n)�Ñlþ��0,���σ2���©Ù

�ÿþØ�. yb�*	S��Ý�N ,-

yT = (y(0), y(1), · · · , y(N − 1)),

vT = (v(0), v(1), · · · , v(N − 1)),

cT = c× (1, 1, · · · , 1)1×N ,

αT = (a1, b1, · · · , ak, bk),

M�N × 2k�Ý
,=
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M =




cos(ω1∆t) sin(ω1∆t) · · · cos(ωk∆t) sin(ωk∆t)
cos(ω12∆t) sin(ω12∆t) · · · cos(ωk2∆t) sin(ωk2∆t)

...
...

...
...

...
cos(ω1N∆t) sin(ω1N∆t) · · · cos(ωkN∆t) sin(ωkN∆t)




.

dd,ª(2)�±��

y = c + Mα + v. (3)

du3¢S&Ò¥, c, α, k, σ2ÚωT =(ω1, · · ·,
ωk)þ���,Ïd,ü¬¬9|§Ý�O¯K=�
±þëê�éÜ�O¯K.

3 ÄÄÄuuuTDSA���üüü¬¬¬¬¬¬999|||§§§ÝÝÝuuuÿÿÿ(TDSA-
based heat zone temperature measurement
for single crystals furnace)

3.1 ªªª������[[[òòò»»»���{{{(Trans-dimensional simul-
ated annealing)
ª��[ò»�{�@dBrooksJÑ[13–14],

òRJMCMC�{�ª�|¢Å�Ú\Ä��[ò
»�{,^u)û�.ÚëêØ(½5�¯K.§
�Ä�g�´,ò�N\9�§Ýv
p,,�4
ÙÅìe%,3\9L§¥,�NSÜ©fG��
X§Ý�JpC�ÃS,SUO�,Åìe%�,
©fììkS,��3~§���Ä�,SU~�
��[18]. ©fG�éA`z),SUéA8I¼ê.
�âÚOåÆ,3,�§Ýe,©fG�÷vBoltz-
mann©ÙbT(θ) ∝ exp[−f(θ)/T ], θ�©fG��

þ, f(θ)�8I¼ê=SU, T��N§Ý.±�½
VÇé©fG�θ?1Ä�½öO\!~�G��

ê,¦�bT(θ)����,d�,©fG�θ=��`

).

3.2 ïïï���(Modeling)
-

ωT = (ω1, · · · , ωk), θ = (c, α, ω, σ2, k),

�âª(2)��θq,¼ê�

p(y|θ) = (2πσ2)−
N
2 ×

exp(
−(y − c−Mα)T(y − c−Mα)

2σ2
).

(4)

�â��q,ÚAICOK���θ�`)[19],d
uª��[ò»�{^u¦8I¼ê���,yò
8I¼ê½Â�f(θ) = −log(p(y|θ)) + k + 1. Ï
d,3§ÝT ,�[ò»�{�Boltzmann©Ù�

bT(θ) ∝ exp[
log(p(y|θ))− k − 1

T
] =

p(y|θ)
1
T exp(−k + 1

T
),

�â_³ê©Ù��σ2�^�©Ù�

σ2|c, y, ω, α ∼

IG(
N

2T
− 1,

−(y − c−Mα)T(y − c−Mα)
2T

).

(5)

�âª(4)–(5)Úpd©Ù��α�^�©Ù�

α|c, y, ω, σ2 ∼ N(µ0, Σ0), µ0 = (ΣT
0 MT(y − c))/

(Tσ2), Σ−1
0 = (MTM)/(Tσ2).

3.3 ���...{{{zzz(Model simplification)
�â��q,OK, αÚσ2�ÏL���¦�

�[20]:

α̂ = (MTM)−1MT(y − c), (6)

σ̂2 =
1
N

(y − c−Mα̂)T(y − c−Mα̂) =

1
N

(y − c)TP ∗(y − c). (7)

du3éω�Ä�L§¥,Ø�UÑyü�©þ
�Ó��¹,Ïd, MTM�_,Ky3M���Ý

KÝ
P ∗�

P ∗ = IN −M(MTM)−1MT. (8)

w,,��cÚω®�, αÚσ2N´¼�,�{z
TDSA�{¥æ�êâ�ê,òª(6)–(7)�\Boltz-
mann©Ù,`z8I¼ê�z{�

bT(θ) ∝ ((y − c)TP ∗(y − c))−
N
2 exp(−k + 1

T
).
(9)

3.4 ÄÄÄ������{{{���OOO(Design of sampling algorithm)
1) éωÄ�.

duω´��5�,Ïd,�©éω�z�©þ

æ^·ÜMetropolis Hastings(MH)Ä�. =±0 < λ

< 1VÇæ^�«ïÆ©Ù,éω©þ?1�Û|

¢,±1− λVÇæ^,�«ïÆ©Ù,éω©þ?

1ÛÜ|¢,��ÏL�ÉáýOKé¤�ω©þ

?1�É½öáý. b�1igÌ�æ���ωi = (
ωi,1, ωi,2, · · · , ωi,k),1i + 1gÌ�²L11 ∼ jg(j
< k)æ�����þ�ωi+1,j =(ωi+1,1, · · ·, ωi+1,j ,

ωi,j+1, · · · , ωi,k),@o1j + 1gæ��ïÆ©Ù�
p(ωi+1,j+1|ωi+1,j , σ

2,α, y).
éωi+1,j+1�ü«ïÆ©Ù©O�: 1)�Jp�

{|¢�Û�`��Ý,�©�â��:�ªÌÚ
Ó�Ùg��)ïÆ©Ù,=Äké��:?1:
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ê�2N�¯�Fp�C�(fast Fourier transform,
FFT),,��Ì�,P�Y = abs(FFT(y), 2N),d
uFFT����é¡Ì,Ïd�cN:�Ì�¦Ú,
O�z�ªÇ¤ÓÓ��«�'~P (i) = Y (i)/
N∑

i=1
Y (i),,�ÏL^=Ó�(=�)0–1�m��Å

ê,�â�Åêá\�«�)À��A�ωi+1,j+1.
2)duFFTÀ��*	S��Ýk�,¿�ÉD(
K�,ªÇ�æ�°Ý¬�ü$,�U¼�oÑ�æ
��.�
Jp�{�æ�°Ý,1 2«ïÆ©Ùæ
^pd©Ù p(ωi+1,j+1|ωi+1,j) ∼ N(ωi,j+1, σ

2
RW),

σ2
RW�ýk�½���.

2) écÄ�.

�©écæ�Eæ^MHÄ��{,�1igæ�

�ci,÷v0 < λ < 1VÇ�,�
Jp�{��Û
|¢Uå,1 i + 1gæ�æ^þ!©Ù ci+1 ∼
U(cmin, cmax)��ïÆ©Ù, cminÚcmax©O�k

��£¥c����Ú���,÷v1− λVÇ�,�
Jp�{�ÛÜ|¢°Ý,æ^pd©Ùp(ci+1|ci)
∼ N(ci, σ

2
RW)��ïÆ©Ù.���â�ÉáýO

Kéci+1?1�É½öáý.

3) ékÄ�.

TDSAék�Ä��{/�
RJMCMC�ª�
|¢�ª,Ú\
�êO\(birth)!�êü$(death)
�Å�,�êO\=léωÄ��11«ïÆ©Ù¥
Ä��ªÇ,�3ω�þ���,¿�P�ωi+1 =
(ωi,1, · · · , ωi,k, ωi,k+1),�â�ÉáýOK?1�
ä,,��â2)écÄ�,���âª(6)–(8)O�α

Úσ2. �êü$=lωi = (ωi,1, · · · , ωi,k)¥�Å�
K��©þ,�â�ÉáýOK?1�ä,,��
â2)écÄ�,���âª(6)–(8)O�αÚσ2.

4) �ÉáýOK.

TDSA±�½VÇÀJ�êO\(Birth)!�êü
$(death)Úëê�#(update),ÏL1)–3)éω, cÚk

?1Ä�,,��â�ÉáýOK?1�ä. �â
�[ò»�{Ú13.3!���êO\!�êü$Ú
ëêω�#��ÉáýOK�

Abirth =

min[1, (
(y − c)TP ∗

i (y − c)
(y − c)TP ∗

i+1(y − c)
)

N
2 exp(

−1
Ti+1

)], (10)

Adeath =

min[1, (
(y − c)TP ∗

i (y − c)
(y − c)TP ∗

i+1(y − c)
)

N
2 exp(

1
Ti+1

)], (11)

Aupdate =

min[1, (
(y − c)TP ∗

i (y − c)
(y − c)TP ∗

i+1(y − c)
)

N
2 ]. (12)

ëêc�#��ÉáýOK�

Aupdate c =

min[1, (
(y − ci)TP ∗

i (y − ci)
(y − ci+1)TP ∗

i+1(y − ci+1)
)

N
2 ]. (13)

3.5 ªªª������[[[òòò»»»���{{{ÚÚÚ½½½(Steps of TDSA)

ÄuTDSA�ü¬¬9|§Ý&Òuÿ�{X
e:

1) ��Ð©ëê: *	S��ÝN , k�Ð©

�!���kmaxÚ���kmin,��S�gêL,Ð
©§ÝT0Úª�§ÝTf , c����cmaxÚ���

cmin,�Å£ÄÄ���σ2
RW,�êO\VÇPbirth,

�êü$VÇPdeath.

2) �)��[0,1]�m��Åêr,er < Pbirth,
K�1Ú½3),ePbirth <r<Pbirth+Pdeath,K�1
Ú½4),er > Pbirth + Pdeath,K�1Ú½5).

3) �â13.4!¥3)�1�êO\ö�,,��
âª(10)O�Abirth,¿��)��[0,1]�m��Å
ê,XJ�Åê�uAbirth,�ÉBirthö�,�)�
�#�Z6©þ,ÄK,áý. ,�=�Ú½6).

4) �â13.4!¥3)�1�êü$ö�,,��
âª(11)O�Adeath,¿��)��[0,1]�m��
Åê,XJ�Åê�uAdeath,�Édeathö�,�Å
�K��Z6©þ,ÄK,áý. ,�=�Ú½6).

5) �â13.4!¥1)éω?1Ä�,,��âª
(12)O�Aupdate,¿��)��[0,1]�m��Åê,
XJ�Åê�uAupdate,�Ééω�Ä�,ÄK,á
ý. ,�=�Ú½6).

6) �â13.4!¥2)éc?1Ä�,,��âª
(13)O�Aupdate c,¿��)��[0,1]�m��Å
ê,XJ�Åê�uAupdate c,�Ééc�Ä�,Ä
K,áý. ���âª(6)–(8)O�αÚσ2.

7) 3§ÝTi��äëê´Ä��²ïG�,=
õgS�¥�u�êk�±ØC,XJ�²ï,=�
Ú½2),ÄK=�Ú½8).

8) �ä§ÝTi´Ä��ª�§ÝTf ,XJ��,
�{(å,ÄK=�Ú½9).

9) �âª(14)O�#�§ÝTi+1,=�Ú½2).

Ti+1 = T0 +
Tf − T0

L
× i. (14)

4 ¢¢¢���(((JJJ999©©©ÛÛÛ(Experimental results and
analysis)
��y¤J�{�k�5,�©?1
ü�é

'¢�: 11�¢�ÏL�ýêâ?1,¿�Ú
RJMCMC�{?1é';12�¢��ü¬¬9|
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§Ýuÿó§¢�,¿�Ú8cü¬¬¥¤^�þ
�ÈÅÚ©z[2]�{?1é'.

4.1 ���ýýý¢¢¢���(Simulation)

�¢��âª(2)�E600��ýêâ:,���
ýëêXe:

k = 3, c = 1000, ω1 = 1.8850, ω2 = 1.9831,

ω3 = 2.1795, a1 = 2.2361, b1 = −2.2361,

a2 = 1.2574, b2 = −2.1779,

a3 = 2.5583, b3 = −1.8587,

½Â&Ò&D': µ = 10 log((a2
1 + b2

1)/(2σ
2)) = 5,

KpdxD(��σ2 = 1.5811.

���©�{�ëêÐ�Xe: *	S��Ý
N = 64, k�Ð��16, kmax =31, kmin =1, cmax =
1050, cmin = 950,��S�gêL = 3000,Ð©§
ÝT0 = 1,ª�§ÝTf = 0.1,�Å£ÄÄ���
σ2

RW = (1/250)2, MMHÄ�λ = 0.2,�êO\V
ÇPbirth = 0.2,�êü$VÇPdeath = 0.2. ��
RJMCMC�{ëêXe: αδ2 = 2, βδ2 = 10, ε1 =
0.0001, ε2 = 0.0001, υ0 = 0.1, γ0 = 0.1, c∗ = 0.5,
Ù{ëêþ��©�{�Ó.¢��ªæ^é600
�êâ:ëYwÄ�O,ÕáE200g.

ã2��ÅÄ��g¢��,�*	S�¥�
©�{�RJMCMC�k��S�gêCz��,
ã3�Tg*	S�¥�©�{�RJMCMCék�

Ogê���ã. dã2–3�,�©�{�RJMCMC
þU3�$&D'��¹e�(/�O�uZ6�

ê,��©�{�Âñ�Ý`uRJMCMC,�©�
{3260gÒ®²Âñ,RJMCMCK3400g±
�âÂñ. 3200gE¢�¥,�©�{3S�
200∼300g±�Ò®²Âñ,RJMCMC3S�
350∼800g±�â¬Âñ. dd��,�©�{�
Âñ5U`uRJMCMC.

ã 2 ¢�1¥k�O�S��

Fig. 2 Iterative curves of k in Experiment 1

ã 3 ¢�1¥k�O���ã

Fig. 3 Histograms of k estimation in Experiment 1

ã4��©�{�RJMCMC3Tg*	S�¥
éªÇ�O�S��.dã4�,ü«�{3S�
ÐÏÉk�Âñ�K���,�ÏÄ�½3ý¢
ªÇNC.ã5�Tg*	S�¥��©�{�
RJMCMCé~þc��O�,�âã5��,�©
�{3ÐÏÉk�K�ÅÄ��,�3S�400g±
�U
°(/�OÑ~þc,¿��ÏÅÄ�é
RJMCMC��.

ã 4 ¢�1¥ªÇ�OS��

Fig. 4 Iterative curves of frequency estimation in Experiment 1

ã 5 ¢�1¥~þcS��

Fig. 5 Iterative curves of constant c in Experiment 1
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ã6�Tg¢�¥�©�{ÚRJMCMCé600
�êâ:?1ëYwÄ�O�(J.�âã6(J
��,3Z6�êÚªÇ����¹e,�©�{
UO(/ëY�O~þc,ÅÄ��,RJMCMC
fe�õ.

ã 6 ¢�1¥�«�{J�&Ò�(J
Fig. 6 Signal acquisition results using different algorithms

in Experiment 1

���ß/é'�©�{�RJMCMC��O°
Ý,y½Â200gÕáEwÄ�O¢��þ�Ø
�(mean-square error, MSE)Xe:

MSE(ψ) =
1

200
1

600

200∑
i=1

600∑
j=1

(ψ̂i,j − ψ)2,

ª¥: i�E¢�gê, j�wÄS�Ò, ψ©O�c,
ω1, ω2Úω3,L1�ü«�{200gÕáEwÄ¢
��O(J�MSE.dã6ÚL1��,�©�{é
ªÇÚ~þ��O°ÝþpuRJMCMC.�â�ý
¢�(J��,�©�{��O°ÝÚÂñ5U
�RJMCMCäk�½`³.
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Table 1 MSE of estimation results using different

methods in Experiment 1

ëê �©�{ RJMCMC

c 7.1461E− 04 2.3801E− 02

ω1 1.6445E− 05 2.3180E− 03

ω2 2.6060E− 05 1.7470E− 03

ω3 2.0159E− 06 5.5889E− 05

4.2 üüü¬¬¬¬¬¬999|||§§§ÝÝÝuuuÿÿÿóóó§§§���yyy¢¢¢���(Practical
engineering verification)

1) ¢�O�.

�g¢�A^uTDR–150.ü¬¬9|§Ýù
	Daìÿþêâ¥,ÿþ�nXã1¤«. TDR–
150.ü¬¬�4�5�8¤>´¤^ü¬7��
gÄ)���,Ý�þ�170 kg,���»�12=

�(300 mm),�»�Ý�650 mm, TDR–150.ü¬
¬9§ÝDaìXã7¤«. �âü¬¬9|§Ý
�k�&E®�§Ý���[1350, 1450],�©�{
ëêÐ�cmax = 1450, cmin = 1350,Ù{ëê��
�¢�1�Ó.

ã 7 TDR–150.ü¬¬9§ÝDaì¢Ôã
Fig. 7 TDR–150 single crystal furnace and

temperature sensor

2) ¢�(J9©Û.

ã8��ÅÄ�,g*	S�¥�©�{ék�

S�gêCz��O�,dã8�²wwÑ, k3

350g±�ÒÂñ
,ã9�Tg*	S�¥�©�
{ék�Ogê���ã,(Üã8Úã9��,�©
¤J�{3��Z6�êÚªÇ��¹eU
�O

ü¬¬9|§Ý&Ò¥�¹$ªZ6��ê.
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Fig. 8 Iterative curve of k in Experiment 2
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Fig. 9 Histogram of estimation with k in Experiment 2
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ã10�Tg*	S�¥3000gS��ªÇ�O
�,dã10��,�{3m©�ªÇ�õ,3S�
350g±�Åì½� 3�ªÇ (0.1458, 0.8222Ú
2.3474). ã11�Tg*	S�¥�©�{é~þc

��O�,�âã11�,3S� 650g±�,~þc

Ä�½31401.

ã 10 ¢�2¥ªÇ�OS��
Fig. 10 Iterative curves of frequency estimation

in Experiment 2
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Fig. 11 Iterative curve of constant c in Experiment 2
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Fig. 12 Signal acquisition results using different algorithms

in Experiment 2
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5 (((ØØØ(Conclusion)
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