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|xQ

wO =yjQw QO |@UJ Cq=YD= C}i}m ?QNtQ}e |@=} RQ=
|kQw G=wt= ltmx@

�Q=}Wv=O� QwQvy nvyQi
�OWQ= T=vWQ� � |v=LwQ uULOtLt O}U

|Uw] u}Or=Q}Yv xH=wN |DavY x=oWv=O 'l}v�t |UOvyt |xOmWv=O

x@ 'OwW|t xDio R}v 2?tr G=wt= =yu; x@ xm '1|kQw G=wt= R= |Q}oxQy@ =@ Q=DWwv u}= QO
uDi=} |=Q@ sRq CqO=at =OD@= "s} R=OQB|t |@UJ Cq=YD= C}i}m u}}aD w |@=} RQ=

s=Hv= |=Q@ ?U=vt |=yOt =y|vLvt u}= R= xO=iDU= =@ TBU w x�=Q= |oOvm =QB |=y|vLvt
'|kQw G=wt= uQ=kDt Ot u}rw= |UQR=@ s=Hv= |=Q@ Ot u} QD?U=vt "OwW|t ?=NDv= |UQR=@

R= xO=iDU= =@ ?w}at w sr=U |@UJ Cq=YD= R= |}=y xvwtv TBU "CU= ' S0 |va}
u=wva x@ xm 'Q}eDt x} w=R |DwY=Qi ?wQB wO R= xO=iDU= =@ w xDN=U sw}v}twr; |=yjQw

G}=Dv "OQ}o|t Q=Qk |UQQ@ OQwt Cq=YD= u}= C}i}m 'Ovvm |t pta xOvQ}o w xOvDUQi
Cq=YD= QO OwHwt ?w}a OvQO=k |@ wNx@ |kQw G=wt= xm CU= u; R= |m =L xrY=L

"Ovvm u}at =Q =yu; xR=Ov= w xO=O X}NWD =Q |@UJ

honarvar@kntu.ac.ir
smhrohani@sina.kntu.ac.ir

'|kQw G=wt= '?tr G=wt= '|@UJ Cq=YD= '?QNtQ}e |@=} RQ= %|O}rm u=oS=w
"S0 Ot 'VW=B |vLvt

xtOkt
pL =Q Cq=at u}= CUv=wD xm Ow@ |v=Um u}rw= R= �1960� u}rOv}t "Ow@v Q}PBu=mt=
|kQw G=wt= R= xO=iDU= |wQ Q@ C=k}kLD 1990 p}=w= w 1980 |xyO QN=w= QO [2]"Ovm
X}NWD |=Q@ |D=k}kLD �NASA� =U=v |xUU-wt QO "OW R=e; |D} RwBt=m O=wt QO
C=k}kLD xwQo QO R}v |y@=Wt C}r=ai [4w3]"OW s=Hv= =yC} RwBt=m QO =yx}q V}=OH
|=Q@ uwvm =D xar=]t u} QDjiwt OUQ|t Q_v x@ [5]"CiQo s=Hv= 3 Ovi=OB w VHvU
Gr=m p=} QBt= QO =RHt xwQo wO \UwD '?w}a X}NWD QO |kQw G=wt= R= xO=iDU=
|R=Uxv}y@ |wQ Q@ 4|rw=m xwQo 1990 |xyO pw= |xt}v QO "CU= xOW s=Hv= uOvr
x@ swUwt '|Qt}rB l} QDmr=wR}B O=wt R= xO=iDU= =@ xOWC}=Oy |kQw G=wt= O}rwD
pFt |D=aw[wt |wQ Q@ xm OvOw@ |v=OQwv=wy 'swO xwQo [7w6]"Ov=xOQm Q=m 'PVDF

uwtR; |=Q@ 1999 p=U QO [8]"OvOQm|t Q=m p=vo}U VR=OQB w =yQoTL u=tO}J
5|U}]=vetwQDmr= |m}DUwm ; |xOvQ}o w QR}r |xOvDUQi R= '?tr G=wt= =@ VwH
O}rwD sDU}U ltmx@ w |U=tD ?wQB R= xO=iDU= =@ R}v 2000 p=U QO [9]"OW xO=iDU=
?w}a w OvOW O}rwD pN=OD uwO@ w =RHt Qw]x@ S0 w A0 |=yOt '6Tv=mQilD
p=U QO [10]"OW xO=O X}NWD QDt|r}t 2 4 Ct=N[x@ |Oqwi jQw QO |awvYt
Gwt |DwY=Qi QR}r =@ =D OvOQm VqD uB=S |7=mwR}W x=oWv=O QO u}kkLt 1999
CUO x@ =Q u; u=UWm X=wN w nvRO[ Oqwi jQw Ct=N[ w xOQm O}rwD ?tr
[12]"OW s=Hv= Tt |wQ Q@ j}kLD u}= x@=Wt |Q=m R}v 2002 p=U QO [11]"OvQw;
Ot l} O}rwD =@ =D OvO}Wwm =mwR}W x=oWv=O u}kkLt '2003 p=U QO u; R= TB
O}rwD |=Q@ u=v; [13]"OvyO X}NWD =Q ?}a ?U=vt |}xw}Wx@ '?tr Gwt X=N
|xO=t =@ |U=tDQ}e ?wQB R= Gwt Ci=} QO |=Q@ w '|U=tD ?wQB R= Gwt p=UQ= w

u}= "CU= xOW =yxR=U w `}=vY uOWxO}J}B Ea=@ |Qw=:vi CiQW}B w sra OWQ
R= "CU= xOwRi= |tra VRQ= w |}=Q=m Q_vx]kv R= =yu; |OvtVRQ= Q@ |oO}J}B
|Qo}O |@v=H |=yxv} Ry =@ xR=U OwN |xv} Ry Q@ uwRi= |}xR=U |@=QN 'Qo}O |wU
"CU= xR=U s}kDUt |xv} Ry R= QDC}ty==@ w QDW}@ Q=}U@ x=o xm CU= x=Qty R}v
R= |m} "Ovvm |Q}owrH |FO=wL u}vJ RwQ@ R= umtt OL =D OvWwm|t u=YYNDt
R} Q ?w}a OwHw R= |y=o ; w =yxR=U sw=Ot pQDvm 'EO=wL u}= R= |Q}owrH |=yx=Q
|kQw |DwY=Qi G=wt= "CU= CUmW R= V}B u; O=H}= R= Cav=tt w �� lQD pFt ��
|=yxR=U� lR=v |=yxR=U ?QNtQ}e |@=} RQ= |=Q@ =yQ=R@= u} QDy@ R= |m} �?tr�

"OvDUy �|kQw
"CU= sm |}=Q}t =@ `}Uw K]U QO u; Q=WDv= '?tr Gwt |xS} w C}YwYN
u}= R= l} Qy &OvwW|t QWDvt �A� uQ=kDt=v w �S� uQ=kDt |=yOt QO ?tr G=wt=
CaQU |oDU@=w ?tr G=wt= Qo}O C}YwYN "OvQ=O |irDNt Cq=L R}v =yOt

"CU= jQw Ct=N[ w Tv=mQi x@ =yu; Q=WDv=
|=Q@ |Q=R@= u=wvax@ =yu; R= xO=iDU= w '|kQw G=wt= XwYNQO j}kLD u}DUNv
|UQQ@ j}kLD u}= [1]"Ow@l} QDmr=p=QvHCmQW R= w 1961 p=U QO '?}aX}NWD
|xQ=@ QO EL@ x@ R}v w 'OW|t pt=W =Q sw}vwmQ} R w sw}v}twr; VW=B |vLvt |r}rLD
"CN=OQB|t �� |@=}?}a Q=R@= u=wvax@ �� |kQw G=wt= hrDNt |=yOt C}ty=
|r=D}H}O |=yxv=}=Q `=QDN= u=tR =D �?tr� |kQw G=wt= |xYNWt CqO=at pL

"1390 1 22 VQ}PB '1389 12 15 x}LqY= '1388 7 5 Ci=} QO %M} Q=D
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RQ=3 \@=wQ j@=]t |}xLiY VvQm Cr=L QO =yVvD '|v=UWm |x} Q_v T=U=Q@ w

[16]%OvDUy
�zx = �(@uz

@x
+ @ux

@z
) = �( @

2�
@x@z

� @2 
@x2 + @2 

@z2 )

�zz = �(@ux
@x

+ @uz
@z

) + 2�@uz
@z

= �(@
2�
@x2 + @2�

@z2 ) + 2�(@
2�
@z2 � @2 

@x@z
) (3)

CQwYx@ |Oa@ wO *|[Qa w |rw] G=wt= Q@ sm =L CqO=at s}v=O|t |iQ] R=
%OvDUy 5 w 4 |=yx]@=Q

@2�
@x2 + @2�

@z2 = 1
c2L
@2�
@t2 |rw] G=wt= xrO=at (4)

@2 
@x2 + @2 

@z2 = 1
c2
T

@2 
@t2 |[Qa G=wt= xrO=at (5)

CUO x@ ?tr G=wt= Q@ sm =L CqO=at '|RQt \}=QW p=ta= w jwi CqO=at pL =@
%OvwW|t s}UkD uQ=kDt=v w uQ=kDt VN@ wO x@ CqO=at u}= "O};|t

tan(qh)
tan(ph)

= � 4k2pq
(q2 � k2)2 uQ=kDt (6)

tan(qh)
tan(ph)

= � (q2 � k2)2

4k2pq uQ=kDt=v (7)

%R= Ov=CQ=@a q w p =yu; QO xm
p2 = !2

c2
L
� k2 and q2 = !2

c2
T
� k2 (8)

VW=B |vLvt sUQ
Tv=mQi ?Q[pY=L� xOW Oa@|@Tv=mQi?ULQ@?tr Gwt Q=WDv=CaQU C=Q}}eD
=y|vLvt u}= sUQ |=Q@ "OwW|t sUQ VW=B |=y|vLvt CQwYx@ �Ct=N[ QO
uQ=kDt Cr=L wO |=Q@ =y|vLvt u}= "s}vm|t pL |OOa VwQ =@ =Q 7 w 6 CqO=at

"OvwW|t sUQ w xOW x@U=Lt xv=o =OH Qw]x@ uQ=kDt=v w
OQwt jQw QO |[Qa w |rw] Gwt CaQU |Q}oxR=Ov= R= TB j}kLD u}= QO
sUQ 1 pmW j@=]t VW=B |=y|vLvt |}xv=}=Q |xt=vQ@ l} ltmx@ V}=tR;

%CU= xOW |] Q} R pL=Qt =y|vLvt u}= sUQ |=Q@ "Ov=xOW

jQw QO Oa@|@ Tv=mQi ?ULQ@ ?tr Gwt R=i CaQU VW=B |=y|vLvt "1 pmW
"sw}v}twr;

|Qwx]we VwQ =@ xm ?tr G=wt= ltmx@ 2005 p=U QO "OvOQm xO=iDU= =wy *\U=w
8xO=Di= sy|wQ |=yx@r ẁv R= |@UJ Cq=YD= ?w}a 'OvOW|t O}rwD �|U=tDQ}e�
=@ |r}rLD G}=Dv u}= [14]"OW xU}=kt xOW |R=UpOt |=yxvwtv =@ G}=Dv w '|UQQ@
?w}a O=a@= =D OW VqD j}kLD u}= QO u}vJty "OvO=O u=Wv |@ wN j@=]D C=W}=tR;
VwQ l} u=wvax@ |QR}r |=yOrwt R= xO=iDU= =@ 2006 p=U QO "OwW xOR u}tND R}v
u}= =@ =D OW VqD '=yjQw QO ?w}a X}NWD w ?tr Gwt O}rwD |=Q@ |U=tDQ}e

[15]"OwW O}rwD q=@ RmQtD =@ Tv=mQilD Gwt l} VwQ
|=yjQw |wQ Q@ ?w}a |@=}C}akwt |=Q@ ?tr G=wt= R= =OD@= Q=DWwv u}= QO
|=Q@ ?U=vt Ot =OD@= X}NWD u}= pL=Qt QO "OW Oy=wN xO=iDU= sw}v}twr; lR=v
QO "OvQ}o|t Q=Qk V}=tR; OQwt jQw xvwtv u}OvJ TBU w 'u}}aD C=W}=tR; s=Hv=
s}y=wN lR=v |=yjQw QO |@UJ Cq=YD= |@=} RQ= x@ ?tr G=wt= ltmx@ 'xt=O=
?w}a |Q}oxR=Ov= w |@UJ Cq=YD= C}i}m u}}aD |@=} RQ= u}= R= hOy "CN=OQB

"CU= Cq=YD= u}= QO

x} Q_v
'Ov=lR=v |DwY=Qi G=wt= Gwt pw] =@ xU}=kt QO w OvQ=O O=R; RQt wO xm |D=LiY QO
�Si� uQ=kDt |=yOt pt=W �� xOvwWC}=Oy G=wt= =} ?tr G=wt= R= |irDNt |=yOt
pmWx@ Gwt Q=WDv= =@ Q_=vDt uQ=kDt Ot "OwW|t O=H}= �� �Ai� uQ=kDt=v |=yOt w
Q=WDv= x@ \w@ Qt uQ=kDt=v |=yOt w 'xLiY K]U wO QO uQ=kDt *\=U@v= w Z=@kv=
w K}LY |OOa =} QiY u; Q=Okt xm 'iT}Ov= [14w13]"OvDUy |WtN pmWx@ Gwt

"OyO|t u=Wv =Q ?tr Gwt Ot |x@DQt 'CU= C@Ft
O}rwD Ovv=wD|t xm Gwt hrDNt |=yCr=L 'u}at TvH w O=a@= =@ |kQw QO
CaQU "OvDUy jQw QO Gwt CaQU w Gwt Tv=mQi 'xLiY Ct=N[ R= |a@=D OvwW
QO 'CU= xDU@=w Tv=mQi QO jQw Ct=N[ ?Q[pY=L x@ jQw QO |kQw G=wt=
p}rOx@ 'Qo}O CQ=@ax@ "Ovt=v|t �xOvvmjQiDt� 9w}UQBU}O =Q |H=wt= u}vJ Kq]Y=
TvH C=YNWt x@ =yvDxv G=wt= u}= Q=WDv= CaQU |kQw G=wt= uOw@ w}UQBU}O
"OQ=O |oDU@ R}v Gwt Ot Tv=mQi w Q=WDv= \}Lt Ct=N[ x@ xm 'Q=WDv= \}Lt

|kQw G=wt= Q=WDv= |[=} Q pOt
xDiQo Q_v QO |Oa@ wO |}xLiY VvQm pOt l} '�?tr� |kQw G=wt= |UQQ@ |=Q@
=@ xr�Ut u}= j}kO pL "CU= QiY u; u}}=B w q=@ Kw]U |wQ VvD xm OwW|t
u=O}t |x@U=Lt |=Q@ [16]"CU= xOW s=Hv= ,q@k |}=Hx@=H p}Uv=DB `@=wD R= xO=iDU=
x@ \w@ Qt *QDt=Q=B wO `tH pY=L xm RDrwytry |x} RHD VwQ R= u=wD|t |}=Hx@=H

%OQm xO=iDU= 1 |x]@=Q j@=]t 'CU= |[Qa w |rw] G=wt=
~u = r�+r� (~ ); r � (~ ) = 0 (1)

p}Uv=DB u=O}t l} ~ '|rw] Gwt =@ Q_=vDt Qr=mU= p}Uv=DB u=O}t l} � u; QO xm
ZQi x@ xHwD =@ "CU= xQP u=mt Q}}eD Q=OQ@ ~u w '|[Qa Gwt =@ Q_=vDt |Q=OQ@
u}= uOQm ^=Lr =@ "Ow@ Oy=wN QiY y |=DU=Q QO |}=Hx@=H '|}xLiY VvQm pOt

%R= Ow@ Ovy=wN CQ=@a u=mt Q}}eD |=yxir-wt '\}=QW
ux = u = @�

@x
+ @ 
@z

; uy = v = 0; uz = w = @�
@z
� @ 
@x
(2)
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[16]"jQw QO �?tr� |kQw G=wt= O=H}= |ovwoJ "3 pmW

OwW|t ?tr Gwt O}rwD Ea=@ xm OyO|t MQ jQw QO O}OWD R= |Dr=L 'Qo}Om} x@
"�3 pmW�

'Q}eDt x} w=R |U=tD ?wQB l} \UwD w xO}OB u}= R= xO=iDU= =@ j}kLD u}= QO
C=W}=tR; s=Hv= |=Q@ xO=iDU= OQwt C=R}yHD "CU= xOWO}rwD jQw QO ?tr Gwt

%R= Ov=CQ=@a
|DwY=Qi |=yuwtR; s=Hv= QO xm |D=R}yHD R= |m} %|DwY=Qi |xOvQ}o w xOvDUQi �
|Uv=mQi |xOwOLt "CU=|DwY=Qi |xOvQ}o w xOvDUQi 'OQ}o|t Q=Qk xO=iDU= OQwt
O}rwD 'x=oDUO |xOvDUQi CtUk Vkv "CU= 10 kHz-35 MHz x=oDUO u}=
=@ "CU= ?wQB l} QLD Qw_vtx@ 10pmW|}xR}v w l} Q=@ Q=}U@ S=Drw p=vo}U
R= |DtUk 'xa]k pN=O x@ u; p=UQ= w |DwY=Qi Gwt O}rwD w ?wQB l} QLD
'?wQB *l} QDmr=wR}B p=DU} Qm \UwD xOWO}rwD S=Drw "OOQo|tR=@ ?wQB x@ Gwt
|xOvQ}o CtUk \UwD 'OwW|t pY=L u; x@ |DWoR=@ Gwt OQwNQ@ QF= Q@ xm
Q@ xwqa x=oDUO u}= C=YNWt u} QDsyt R= "OwW|t C} wkD w Ci=} QO x=oDUO
|=Q=O x=oDUO u}= "CU= u; |HQ=N l} QLD |OwQw '`}Uw ,=D@Uv |Uv=mQi Ov=@

"CU= 100�5000 Hz l} QLD Tv=mQi
|r=D}H}O VR=OQB w |R=UxQ}NP Qw_vtx@ %�A/D� p=D}H}O x@ nwr=v; p}O@D CQ=m �
x@ =Q nwr=v; |=yp=vo}U Ov=wD@ xm CU= R=}v OQwt |Q=R@= |DwY=Qi |=yp=vo}U
A/D CQ=m l} pt=W uwtR; s=Hv= x=oDUO "Ovm p}O@D p=D}H}O |=yp=vo}U
|OwQw p=v=m wO pt=W CQ=m u}= "CU= p=D}H}O x@ nwr=v; |=yp=vo}U p}O@D |=Q@
u}= |Q=OQ@xvwtv Tv=mQi xv}W}@ "CU= |HQ=N l} QLD |OwQw l} w nwr=v;
pQDvm |=Q@ "CU= 14 bit u; |Q}PBl}miDC}r@=k w 100 MSample/s CQ=m
"CU= xOW xO=iDU= |Y=N Q=Ri=sQv R= 'xv=}=Q |xr}Uwx@ CQ=m u}= R= xO=iDU= w

"2 MHz Tv=mQi =@ |U=tD Q}eDt x} w=R ?wQB �
Q_v QO =@ w pvU= uwv=k ltmx@ �?tr� |kQw Gwt O}rwD |=Q@ ?U=vt |x} w=R

%O};|t CUO x@ ?tr Gwt R=i CaQU uDiQo
sin �i
cPlexi

= sin 90
cp

) sin �i = cPlexi
cp

(10)

R=i CaQU cp w '?wQB QO Gwt CaQU cPlexi '|W@=D Gwt |x} w=R �i u; QO xm
�?tr Gwt O}rwD |=Q@ ?U=vt |x} w=R� |v=QL@ |x} w=R |vLvt "CU= xa]k QO Gwt

"OwW|t xO}O 4 pmW QO Ct=N[ QO Tv=mQi ?Q[pY=L ?ULQ@
Q@ x} w=R j}kO s}_vD '?wQB |x} w=R s}_vD Q=mwR=U x@ xHwD =@ V}=tR; s=Hv= QO
|OQ@ Q=m |}xw}W R= ?U=vt |x} w=R u}}aD |=Q@ xH}DvQO "Ow@v Q}PBu=mt= ?wQB |wQ
Q=Qk |}xOwOLt QO =Q x} w=R w xO=O Q=Qk jQw |wQ Q@ =Q ?wQB Qw_vtu}O@ "OW xO=iDU=
=D s}vm|t =Hx@=H =Q u; TBU w CU= ?U=vDt VW=B |=y|vLvt =@ xm s}yO|t

&VW=B |vLvt sUQ |=Q@ cp w fd ?wr]t |xOwOLt u}}aD "1
C@=F |}xR=Ov= =@ x=wNrO w |w=Ut |=yCtUk x@ =yxOwOLt u}= |Ov@s}UkD "2

&�Ow@ Oy=wN QDq=@ CkO OwW QDW}@ C=t}UkD O=OaD xJQy�
&(fd)0 Q=Okt u} QDsm uDiQo Q_v QO "3
&(cp)0 Q=Okt u} QDsm uDiQo Q_v QO "4

|ivt =} C@Ft� Ctqa u}}aD w '7 w 6 CqO=at QO cp w fd Q}O=kt uO=O Q=Qk "5
&CqO=at R= pY=L ?=wH �uOw@

�uOw@ |ivt =} C@Ft� Ctqa u}}aD w xrO=at QO cp |Oa@ Q=Okt uO=O Q=Qk "6
&CqO=at R= pY=L ?=wH

CqO=at xm cp Q=Okt wO Qy u}@� cp Q}O=kt s=tD= =D 6 w 5 pL=Qt uO=O xt=O= "7
&�CW=O Oy=wN Q=Qk xW} Q l} 'OvO=O Ctqa Q}}eD

"4 |xrLQt x@ OOHt CWoR=@ w fd |Oa@ Q=Okt uDiQo Q_v QO "8
=@ "OvwW |Q=Po =H xrO=at QO fd Q}O=kt s=tD xm Ov@=}|t s=tD= |v=tR jwi pL=Qt
|=y|vLvt 'CU= R=i CaQU w xwQo CaQU |x]@=Q Qou=}@ xm '9 |xrO=at x@ xHwD

"�2 pmW� OQm sUQ u=wD|t R}v xwQo CaQU ?ULQ@ =Q VW=B

cg = c2
p

�
cp � (fd) dcp

d(fd)

��1
(9)

'6 CqO=at R= O}=@ \ki w \ki xOW x�=Q= |xw}W ltmx@ VW=B |vLvt sUQ |=Q@
Q}e QO "OQm u} Ro}=H CqO=at u}= |vwvm pmW QO =Q O=Oa= w OQm xO=iDU= 8 w 7
uwoQoO |vLvt pmW w xOw@ ?U=vt=v |vLvt |=Q@ xOt; CUO x@ \=kv CQwYu}=

"OW Oy=wN
QO xm OwW|t xO}O =yu; QO |i=[= |]=kv 'VW=B |=y|vLvt sUQ R= Oa@
\w@ Qt CqO=at �� 7 w 6 CqO=at QO uOQm jOY 'u; w Ov=lQDWt |oS} w l}
|DL=Qx@ \=kv u}= C}YwYN u}= OwHw =@ "CU= �� uQ=kDt=v w uQ=kDt |=yOt x@

"Ov=xOW x�=Q= QwmPt \=kv hPL =@ VW=B |=y|vLvt "Ov=hPL p@=k

|kQw Gwt O}rwD
x@ u}at |}x} w=R =@ |rw] Gwt V@=D �?tr� |kQw Gwt O}rwD |=yVwQ R= |m}
|[Qa w |rw] G=wt= p}O@D w u}at |=}=wR QO |rw] Gwt V@=D =@ "CU= jQw K]U

jQw QO Oa@|@ Tv=mQi ?ULQ@ ?tr Gwt xwQo CaQU VW=B |=y|vLvt "2 pmW
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