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< jZ[hl_ hibkZg ij_pbabhgguc nZah\uc ^_l_dlhj� ij_^gZagZq_gguc ^ey

ijbf_g_gby \ kbkl_fZo j_]bkljZpbb iehlghklb ieZafu� [Zabjmxsboky gZ ]_l_jh^bgghc

bgl_jn_jhf_ljbq_kdhc f_lh^bd_�  
>_l_dlhj bf__l \ukhdh_ nZah\h_ jZaj_r_gb_ ���-3 jZ^� b ijZdlbq_kdb

g_h]jZgbq_gguc ^bgZfbq_kdbc ^bZiZahg �! ��� jZ^� \ ihehk_ qZklhl fh^meypbb \iehlv

^h ½ hl qZklhlu g_kms_c ��F=p�� MdZaZggu_ hkh[_gghklb iha\heyxl bkihevah\Zlv

^_l_dlhj ^ey j_]bkljZpbb nZah\uo k^\b]h\� \ua\Zgguo dZd f_^e_ggufb� lZd b

[ukljufb baf_g_gbyfb iehlghklb ieZafu gZ mklZgh\dZo k [hevrbf mjh\g_f l_ieh\uo

b f_oZgbq_kdbo \ha^_ckl\bc gZ bgl_jn_jhf_lj�  

Sensitive phase discriminator for the heterodyne interferometric 
method of the plasma density measuring 

P.V.Zubarev, A.D. Khilchenko 

Sensitive phase discriminator for the system of the multi-channel plasma density meas-
uring is described. Phase discriminator has high angel resolution (10-3 rad) and practically 
unlimited dynamic range (500 rad) in the modulation frequency band up to ½ of the carrier 
frequency (1MHz). This properties allow the phase discriminator application for the measuring 
slow plasma density changes and high frequency density fluctuations on the installations with 
the low level of the plasma density (10-12 – 10-14) and high value of the thermal and mechani-
cal influences for the interferometer. 

© Bgklblml y^_jghc nbabdb bf� =�B� ;m^d_jZ KH J:G



 

3 4 
 

1. <\_^_gb_ 
G_h[oh^bfhklv bkke_^h\Zgby ^bgZfbdb ih\_^_gby iehlghklb

ieZafu \ jZaebqguo k_q_gbyo ieZaf_ggh]h rgmjZ kh\j_f_gguo l_jfh�
y^_jguo mklZgh\hd ij_^hij_^_ebeZ jZa\blb_ fgh]hdZgZevghc bgl_j�
n_jhf_ljbb b kbkl_f j_]bkljZpbb ^Zgguo� H^gh ba gZb[he__ [mjgh
ijh]j_kkbjmxsbo gZijZ\e_gbc \ bgl_jn_jhf_ljbb ieZafu [Zabjm_lky
k_]h^gy gZ bkihevah\Zgbb ]_l_jh^bgghc ko_fu \u^_e_gby nZahfh^m�
ebjh\Zgghc kbgmkhb^Zevghc g_kms_c� ihkdhevdm djhf_ qbklh hilbq_�
kdbo ij_bfms_kl\ \ __ jZfdZo klZgh\blky \hafh`guf ijbf_g_gb_ ^ey
ihkljh_gby ihke_^mxsbo ljZdlh\ �^_l_dlbjh\Zgby� j_]bkljZpbb b
gZdhie_gby ^Zgguo� ljZ^bpbhgghc jZ^bhwe_dljhgghc we_f_glghc
[Zau� H^gZdh� \ iheghc f_j_ ij_bfms_kl\Z ]_l_jh^bgghc ko_fu�
hkh[_ggh ^ey j_]bkljZpbb ieZaf_gghc lmj[me_glghklb� j_Zebamxlky
lhevdh ijb mkeh\bb� qlh nZah\uc ^_l_dlhj� \oh^ysbc \ khklZ\ kbkl_fu
j_]bkljZpbb� h[eZ^Z_l rbjhdhc ihehkhc �^h ½ hl qZklhlu g_kms_c��
\ukhdhc qm\kl\bl_evghklvx ���-3 jZ^ b \ur_� b [hevrbf ^bgZfbq_�
kdbf ^bZiZahghf �!���jZ^�� 

Ihkdhevdm ex[Zy deZkkbq_kdZy ZgZeh]h\Zy beb pbnjh\Zy ko_fZ
nZah\h]h ^_l_dlhjZ ^Z`_ ihl_gpbZevgh g_ fh`_l j_Zebah\Zlv lj_[m_�
fu_ oZjZdl_jbklbdb� \ jZ[hl_ ��� [ue ij_^eh`_g f_lh^ nZah\h]h
^_l_dlbjh\Zgby� hkgh\Zgguc gZ hpbnjh\d_ g_fh^mebjh\Zgghc g_kms_c 
b dhfie_dkgh]h nZahfh^mebjh\Zggh]h kb]gZeZ k ihfhsvx :PI b
ihke_^mxs_c fZl_fZlbq_kdhc h[jZ[hld_ ihemq_gguo ^Zgguo k bkihev�
ah\Zgb_f ;IN� G_kfhljy gZ \iheg_ m^h\e_l\hjbl_evgu_ j_amevlZlu�
wlhfm f_lh^m ^_l_dlbjh\Zgby ijbkmsb b hq_\b^gu_ g_^hklZldb� <
i_j\mx hq_j_^v hgb k\yaZgu k [hevrbfb \j_f_ggufb ba^_j`dZfb gZ
wlZi_ fZl_fZlbq_kdhc h[jZ[hldb bgnhjfZpbhgguo fZkkb\h\� bkdex�
qZxsbfb \hafh`ghklv ihemq_gby ^Zgguo h oZjZdl_j_ ih\_^_gby
iehlghklb ieZafu \ j_`bf_ j_Zevgh]h \j_f_gb� qlh \_kvfZ \Z`gh�
gZijbf_j� ^ey ihkljh_gby kbkl_f h[jZlghc k\yab� 

< ^Zgghc jZ[hl_ jZkkfZljb\Z_lky ijbgpbi ihkljh_gby nZah\h]h
^_l_dlhjZ� [Zabjmxsbcky gZ ij_pbabhgghf baf_j_gbb ^ebl_evghklb
dZ`^h]h i_jbh^Z nZahfh^mebjh\Zggh]h dhfie_dkgh]h kb]gZeZ b g_km�
s_c� Z lZd`_ gZ ijhkl_cr_c fZl_fZlbq_kdhc h[jZ[hld_ j_amevlZlh\
baf_j_gbc� \uihegy_fhc \ j_`bf_ j_Zevgh]h \j_f_gb� Ijb\_^_gh
hibkZgb_ ko_fu ihkljh_gby ijhlhlbiZ kbkl_fu j_]bkljZpbb iehlghklb

ieZafu k bkihevah\Zgb_f gh\h]h ^_l_dlhjZ b ^_l_dlhjZ gZ [Za_ ;IN� Z
lZd`_ j_amevlZlu __ l_klbjh\Zgby� 

Ijbgpbi ihkljh_gby ^_l_dlhjZ� 
< ij_^eZ]Z_fhc ko_f_ nZah\h]h ^_l_dlhjZ ^ey \u^_e_gby fh^meb�

jmxs_]h kb]gZeZ bkihevam_lky f_lh^ baf_j_gby ^ebl_evghklb dZ`^h]h
i_jbh^Z kbgmkhb^Zevghc g_kms_c k \ukhdhc lhqghklvx� < dZq_kl\_
hihjguo lhq_d ^ey ijh\_^_gby baf_j_gbc bkihevamxlky lhqdb i_j_k_�
q_gby kbgmkhb^Zevguf kb]gZehf gme_\hc ebgbb� <j_f_ggZy ^bZ]jZf�
fZ� ihykgyxsZy ijbgpbi jZ[hlu ^_l_dlhjZ� ijb\_^_gZ gZ jbk���  

<_jlbdZevgu_ imgdlbjgu_ ebgbb gZ ^bZ]jZff_ khhl\_lkl\mxl
fhf_glZf \j_f_gb� \ dhlhju_ ijhba\h^blky baf_j_gb_ l_dms_]h
agZq_gby Zfieblm^u \oh^gh]h nZahfh^mebjh\Zggh]h kb]gZeZ [ukljh�
^_ckl\mxsbf :PI� jZ[hlZxsbf k qZklhlhc ^bkdj_lbaZpbb )d \ g_�
kdhevdh ^_kyldh\ jZa ij_\urZxs_c qZklhlm \oh^gh]h kb]gZeZ� GZ
dZ`^hf i_jbh^_ \oh^gh]h kb]gZeZ bgnhjfZpbhggufb y\eyxlky lhevdh
^\Z hlkq_lZ :PI� Ki+ b Ki-� kh^_j`Zsb_ j_amevlZlu baf_j_gby f]gh\_g�
guo agZq_gbc Zfieblm^u \ lhqdZo� ij_^r_kl\mxs_c i_j_oh^m kb]gZeZ
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q_j_a gme_\mx ebgbx �$i�� b \ ke_^mxs_c aZ g_c �%i). 
>ebl_evghklv l_dms_]h i_jbh^Z \oh^gh]h kb]gZeZ� hibjZykv gZ

^bZ]jZffm� fh`gh hij_^_eblv dZd� 
ti=Ni⋅T+((1–h(i-1)-/(h(i-1)-+h(i-1)+)+hi-/(hi-+hi+))⋅T (1) 

=^_� 1i - p_eh_ qbkeh i_jbh^h\ qZklhlu ^bkdj_lbaZpbb :PI  
f_`^m lhqdZfb %i-1 b $i; 
T = 1/Fd - i_jbh^ qZklhlu ^bkdj_lbaZpbb :PI� 

G_ljm^gh aZf_lblv� qlh ih]j_rghklv \ hij_^_e_gbb ^ebl_evghklb
i_jbh^Z Wi kbgmkhb^Zevgh]h kb]gZeZ ijyfh aZ\bkbl hl bgl_jiheypbhg�
ghc ih]j_rghklb� hij_^_ey_fhc ijhba\_^_gghc gZfb aZf_ghc kbgm�
khb^Zevghc nmgdpbb gZ ebg_cgmx \ h[eZklb __ agZq_gbc� [ebadbo d
gmex� Bkihevamy jZaeh`_gb_ kbgmkhb^Zevghc nmgdpbb \ jy^ e_]dh
ihdZaZlv� qlh wlZ ih]j_rghklv khklZ\ey_l ����⋅10-3 ^ey h[eZklb baf_g_�
gby ih m]em hl -� ^h �� ]jZ^mkh\� \ dhlhjhc agZq_gby kZfhc nmgdpbb
baf_gyxlky hl -��� ^h ���� hl Zfieblm^gh]h� 

GZ hkgh\_ ijb\_^_gguo ^Zgguo e_]dh hij_^_eyxlky fbgbfZev�
gu_ agZq_gby qZklhlu ^bkdj_lbaZpbb b jZajy^ghklb :PI� lj_[m_fu_
^ey j_ZebaZpbb g_h[oh^bfhc lhqghklb baf_j_gbc �gZijbf_j� ��F=p b
�� jZajy^h\ ijb fbnbq_kdhc lhqghklb \ ���⋅10-5 hl i_jbh^Z kbgmkhb�
^Zevgh]h \oh^gh]h kb]gZeZ \ kemqZ_ b^_Zevghc bgl_jiheypbb�� 

?keb jZah[jZlvky [he__ \gbfZl_evgh� fh`gh h[gZjm`blv� qlh
lj_[h\Zgby d jZajy^ghklb :PI \ ijb\_^_gghc \ur_ hp_gd_ aZ\ur_gu�
dZd fbgbfmf� \ � jZa� >_ckl\bl_evgh� hp_gdZ ijb\_^_gZ ^ey kemqZy�
ijb dhlhjhf ^bZiZahg ij_h[jZah\Zgby :PI ih Zfieblm^_ jZ\_g beb
^Z`_ g_kdhevdh ij_\urZ_l ^bZiZahg baf_g_gby \oh^gh]h kb]gZeZ�
J_Zevgh `_ Zfieblm^Z l_o hlkq_lh\ :PI� dhlhju_ gm`gu ^ey \uqbk�
e_gby ^ebl_evghklb i_jbh^Z� g_ ij_\urZ_l ��� hl Zfieblm^u \oh^gh]h
kb]gZeZ� Ihwlhfm ihy\ey_lky \hafh`ghklv� aZ kq_l ij_^\Zjbl_evgh]h
h]jZgbq_gby Zfieblm^u \oh^gh]h kb]gZeZ� kgbablv lj_[h\Zgby d :PI
ih jZajy^ghklb ^h ��-�� ijb lhc `_ ihl_gpbZevghc lhqghklb baf_j_�
gbc� 

Ihkdhevdm :PI mdZaZggh]h [ukljh^_ckl\by b jZajy^ghklb rbjh�
dh ij_^klZ\e_gu gZ jugd_ we_dljhgguo dhfihg_glh\� Z mkbebl_eb-
h]jZgbqbl_eb lj_[m_fh]h deZkkZ lhqghklb m`_ ^Z\gh klZeb deZkkbdhc�
fh`gh k^_eZlv \u\h^� qlh k l_ogbq_kdhc lhqdb aj_gby g_l y\guo
h]jZgbq_gbc� ij_iylkl\mxsbo ihkljh_gbx j_Zevghc ko_fu nZah\h]h
^_l_dlhjZ gZ hkgh\_ ih^oh^Z� hibkZggh]h \ ^Zgghf jZa^_e_� 

Ko_fZ ^_l_dlhjZ  
Mijhs_ggZy ko_fZ ihkljh_gby ^_l_dlhjZ ijb\_^_gZ gZ jbk��� <

khklZ\ __ ZgZeh]h\h]h maeZ \oh^yl� 
- mkbebl_ev-h]jZgbqbl_ev Zfieblm^u \oh^gh]h kb]gZeZ $'����� 
- kh]eZkmxsbc mkbebl_ev $'���� k ^bnn_j_gpbZevguf \uoh^hf�  
- 12-lb jZajy^guc :PI :DU807, 
- ]_g_jZlhj kbgojhbfimevkh\ k qZklhlhc ke_^h\Zgby ��F=p
�6*������ hij_^_eyxsbc qZklhlm ^bkdj_lbaZpbb :PI� 

J_amevlZlu hlkq_lh\ :PI nbdkbjmxlky ^\mfy ihke_^h\Zl_evgh
\dexq_ggufb j_]bkljZfb UJBD>�����@ b UJBE>�����@� kh^_j`Zsbfb
ihke_^gbc b ij_^u^msbc j_amevlZlu baf_j_gbc l_dmsbo agZq_gbc
Zfieblm^u \oh^gh]h kb]gZeZ� <u^_e_gb_ bgnhjfZlb\guo hlkq_lh\�
khhl\_lkl\mxsbo lhqdZf� ij_^r_kl\mxs_c i_j_oh^m \oh^gh]h kb]gZeZ
q_j_a ghev b ke_^mxs_c aZ g_c� ijhba\h^blky ih khklhygbx klZjrbo
jZajy^h\ mdZaZgguo j_]bkljh\� 
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G_ljm^gh aZf_lblv� qlh ijb ghjfZevghc ^\hbqghc dh^bjh\d_ hl�
kq_lh\ :PI i_j_oh^m kb]gZeZ q_j_a ghev [m^ml khhl\_lkl\h\Zlv lhevdh
^\_ dh^h\u_ dhf[bgZpbb klZjrbo jZajy^h\� UJBD>��@  �� UJBE>��@  � b
UJBD>��@  �� UJBE>��@  �� I_j\Zy ba gbo k\yaZgZ k hljbpZl_evguf
njhglhf \oh^gh]h kb]gZeZ� Z \lhjZy – k iheh`bl_evguf� < jZkkfZljb�
\Z_fhf \ZjbZgl_ ko_fu ^_l_dlhjZ bkihevam_lky lhevdh i_j\Zy dhf[b�
gZpby� 

Ijb __ ihy\e_gbb \ ijhf_`mlhqguo j_]bkljZo UJBGHOWD>�����@ b
UJBDPSO>�����@ nbdkbjm_lky jZaghklv f_`^m kh^_j`bfuf j_]bkljh\
rg_a[11���@ b UJBE>�����@� Z lZd`_ kh^_j`bfh_ \k_o jZajy^h\ j_]bkljZ
UJBE>�����@ aZ bkdexq_gb_f klZjr_]h� Ijb wlhf kh^_j`bfh_ j_]bkljZ
UJBGHOWD>�����@ [m^_l khhl\_lkl\h\Zlv baf_g_gbx Zfieblm^u \oh^gh]h
kb]gZeZ gZ bgl_j\Ze_� jZ\ghf i_jbh^m qZklhlu ^bkdj_lbaZpbb :PI� Z
kh^_j`bfh_ j_]bkljZ UJBDPSO>�����@ - baf_g_gbx Zfieblm^u \oh^gh]h
kb]gZeZ hl fhf_glZ \aylby ij_^ihke_^g_]h hlkq_lZ ^h lhqdb i_j_k_q_�
gby \oh^guf kb]gZehf gme_\hc ebgbb� <uihegy_fZy ^Ze__ ijhp_^mjZ
^_e_gby kh^_j`bfh]h j_]bkljZ UJBDPSO>�����@ gZ kh^_j`bfh_
UJBGHOWD>�����@ iha\hey_l hij_^_eblv ^ebl_evghklv bgl_j\ZeZ hl fhf_g�
lZ \aylby hlkq_lZ� ij_^r_kl\mxs_]h i_j_oh^m \oh^gh]h kb]gZeZ q_j_a
ghev� ^h fhf_glZ i_j_k_q_gby bf gmey �Wi� \ \b^_ ^jh[ghc qZklb i_jbh�
^Z qZklhlu ^bkdj_lbaZpbb :PI�  

ti = (rg_ampl[10..0]/rg_delta[10..0])⋅T (2) 
P_ehqbke_gguc hklZlhd ^ebl_evghklb i_jbh^Z \oh^gh]h nZah�

fh^mebjh\Zggh]h kb]gZeZ hij_^_ey_lky kq_lqbdhf count>����@� ih^kqb�
lu\Zxsbf qbkeh i_jbh^h\ qZklhlu ^bkdj_lbaZpbb :PI gZ bgl_j\Ze_
f_`^m ihke_^gbf bgnhjfZlb\guf hlkq_lhf ij_^u^ms_]h i_jbh^Z b
i_j\uf bgnhjfZlb\guf hlkq_lhf l_dms_]h� 

>ey \ujZ\gb\Zgby aZ^_j`_d f_`^m fhf_glZfb hij_^_e_gby
^jh[ghc b p_ehqbke_gghc qZklb i_jbh^Z \oh^gh]h kb]gZeZ� \ khklZ\
pbnjh\h]h maeZ ^_l_dlhjZ \dexq_g \kihfh]Zl_evguc i_j_aZihfbgZx�
sbc j_]bklj UJBFRunt[5..0]. 

L_klh\Zy kbkl_fZ j_]bkljZpbb 
P_evx kha^Zgby l_klh\hc kbkl_fu j_]bkljZpbb y\eyehkv bkke_^h�

\Zgb_ j_Zevgh]h ih\_^_gby ko_fu nZah\h]h ^_l_dlhjZ b hij_^_e_gb_
nZdlhjh\� gZdeZ^u\Zxsbo h]jZgbq_gby gZ __ l_ogbq_kdb_ oZjZdl_jb�
klbdb� Ij_^mkfZljb\Zehkv lZd`_ ijh\_^_gb_ kjZ\gbl_evgh]h ZgZebaZ
oZjZdl_jbklbd ij_^eZ]Z_fhc Z\lhjZfb ko_fu nZah\h]h ^_l_dlbjh\Zgby

b ko_fu� hkgh\Zgghc gZ bkihevah\Zgbb ;IN ijb \hkklZgh\e_gbb
fh^mebjmxs_]h kb]gZeZ� Bf_ggh ihwlhfm \ khklZ\ l_klh\hc kbkl_fu
j_]bkljZpbb [ue \dexq_g gZ[hj ZiiZjZlguo b ijh]jZffguo kj_^kl\�
nmgdpbhgZevgh g_h[oh^bfuc ^ey j_ZebaZpbb ex[h]h ba mdZaZgguo
kihkh[h\ ^_l_dlbjh\Zgby� 

KljmdlmjZ b ZiiZjZlgu_ kj_^kl\Z kbkl_fu j_]bkljZpbb 
KljmdlmjgZy ko_fZ ihkljh_gby kbkl_fu j_]bkljZpbb ijb\_^_gZ

gZ jbk��� < __ khklZ\ \oh^yl ^\Z b^_glbqguo dZgZeZ� I_j\uc dZgZe
bkihevam_lky ^ey h[jZ[hldb qbklh]h kbgmkhb^Zevgh]h kb]gZeZ g_km�
s_c� g_ fh^mebjh\Zgghc ih nZa_� Z \lhjhc – ^ey j_]bkljZpbb dhf�
ie_dkgh]h \oh^gh]h kb]gZeZ� ij_^klZ\eyxs_]h kh[hc lm `_ g_kmsmx�
gh nZahfh^mebjh\Zggmx�  

Kbkl_fZ j_]bkljZpbb� ihfbfh m`_ hibkZggh]h ^_l_dlhjZ� kh^_j�
`bl fbdjhijhp_kkhjguc fh^mev LS(QJLQH-� nbjfu Bright Star Engineer-
ing� hjb_glbjh\Zgguc gZ ihkljh_gb_ \kljZb\Z_fuo kbkl_f rbjhdh]h
gZagZq_gby ���� Wlhl fh^mev� gZjy^m k ��-o jZajy^guf fbdjhijhp_kkh�
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jhf 03&��� ijhba\h^bl_evghklvx ��0,36� jZ[hlZxsbf ih^ mijZ\e_�
gb_f HK /LQX[� \dexqZ_l \ k_[y� 

- hi_jZlb\gh_ AM h[t_fhf ��F[� 
- k_l_\hc bgl_jn_ck (Ethernet, 10Base-T), 
- djbklZee i_j_ijh]jZffbjm_fhc eh]bq_kdhc fZljbpu (30����� 
- [ukljh_ kbgojhggh_ AM k ijhba\hevguf ^hklmihf h[t_fhf
���D[� 

- ihklhyggh_ AM gZ [Za_ )/$+ h[t_fhf �F[� 
<ky pbnjh\Zy qZklv ko_fu l_klh\hc kbkl_fu j_]bkljZpbb jZaf_�

s_gZ \ i_j_ijh]jZffbjm_fhc fZljbp_ fh^mey LS(QJLQH� 
Ihfbfh gZ[hjZ j_]bkljh\ b kq_lqbdh\� \oh^ysbo \ khklZ\ ko_fu

^_l_dlhjh\� pbnjh\hc ljZdl kbkl_fu \dexqZ_l \ k_[y ma_e AM� gZdZi�
eb\Zxsbc j_amevlZlu baf_j_gbc� eh]bdm ko_fu aZimkdZ� j_]bklj�
nbdkbjmxsbc \_ebqbgm gZqZevgh]h k^\b]Z nZa f_`^m \oh^gufb
kb]gZeZfb ^_l_dlhjh\ i_j\h]h b \lhjh]h dZgZeZ� Z lZd`_ j_]bklj
mijZ\e_gby� k ihfhsvx dhlhjh]h \u[bjZ_lky lj_[m_fuc j_`bf jZ[hlu
kbkl_fu�  

J_Zebah\Zgu ke_^mxsb_ j_`bfu jZ[hlu kbkl_fu� 
- nbdkZpbb ^h �⋅106 hlkq_lh\ :PI ih dZ`^hfm dZgZem ijb qZklhl_
^bkdj_lbaZpbb �F=p� 

- nbdkZpbb ^h ��D hlkq_lh\ :PI ih dZ`^hfm dZgZem ijb qZklhl_
^bkdj_lbaZpbb �F=p� 

- nbdkZpbb ^h �⋅106 j_amevlZlh\ baf_j_gbc ^ebl_evghklb i_jbh^Z
\oh^gh]h kb]gZeZ ih dZ`^hfm dZgZem k qZklhlhc ihklmie_gby
^Zgguo ^h ���F=p� 
< ex[hf ba mdZaZgguo j_`bfh\ gZqZeh ijhp_kkZ j_]bkljZpbb

^Zgguo fh`_l bgbpbbjh\Zlvky ijh]jZffgh beb \g_rgbf bfimevkhf
aZimkdZ� 

I_j\u_ ^\Z j_`bfZ jZ[hlu kbkl_fu ij_^gZagZq_gu ^ey ijh\_jdb
ko_fu ^_l_dlbjh\Zgby� hkgh\Zgghc gZ bkihevah\Zgbb ;IN� Z lj_lbc� –  
^ey l_klbjh\Zgby ko_fu ^_l_dlhjZ� hibkZgghc \ ^Zgghc jZ[hl_� 

< kbkl_f_ j_]bkljZpbb m^Zehkv kh\f_klblv h[Z \ZjbZglZ ^_l_dlb�
jh\Zgby aZ kq_l ijh]jZffghc fh^bnbdZpbb Ze]hjblfZ jZ[hlu pbnjh�
\h]h maeZ ijb \u[hj_ j_`bfZ jZ[hlu b hlghkbl_evgh ijhkluo baf_g_�
gbc \ ZgZeh]h\hf ljZdl_� k\yaZgguo k \dexq_gb_f \ _]h ko_fm ^\mo
^hihegbl_evguo j_abklb\guo ^_ebl_e_c 52,R3 b 55,R6� Wlb ^_ebl_eb�
bkihevam_fu_ lhevdh \ \ZjbZgl_ ^_l_dlhjZ gZ hkgh\_ ;IN� hkeZ[eyxl
\oh^ghc kb]gZe� ijb\h^y \ khhl\_lkl\b_ ^bZiZahg _]h baf_g_gby d

rdZe_ ij_h[jZah\Zgby :PI ih Zfieblm^_� Mkbebl_eb-h]jZgbqbl_eb
ZgZeh]h\h]h ljZdlZ� bf_y [he__ \ukhdb_ ihjh]b kjZ[Zlu\Zgby� ijhimk�
dZxl kb]gZe F \uoh^Z ^_ebl_e_c gZ \oh^u :PI [_a bkdZ`_gbc�  

JZ[hlZ kbkl_fu j_]bkljZpbb \ \ZjbZgl_ k nZah\uf ^_l_dlhjhf gZ
hkgh\_ ;IN g_ bf__l hkh[_gghkl_c ba-aZ hlkmlkl\by dZdhc-eb[h ij_^�
\Zjbl_evghc h[jZ[hldb bgnhjfZpbb gZ mjh\g_ LS(QJLQH� FZkkb\ ihklm�
iZxsbo hl :PI ^Zgguo ebrv gZdZieb\Z_lky \ HAM fh^mey� Z aZl_f� k
ihfhsvx k_l_\h]h bgl_jn_ckZ� i_j_^Z_lky \ dhfivxl_j ^ey ihke_�
^mxs_c fZl_fZlbq_kdhc h[jZ[hldb b hlh[jZ`_gby j_amevlZlh\ \
m^h[ghf ^ey ZgZebaZ \b^_�  

< hlebqb_ hl \ZjbZglZ k ;IN� ijb jZ[hl_ kbkl_fu k gh\uf ^_l_d�
lhjhf ^hihegbl_evgh \hagbdZ_l g_h[oh^bfhklv \ nbdkZpbb jZaghklb
nZa f_`^m \oh^gufb kb]gZeZfb i_j\h]h b \lhjh]h dZgZeh\ \ gZqZe_
ijhp_kkZ j_]bkljZpbb� G_h[oh^bfhklv wlhc hi_jZpbb h[tykgy_lky
mijhs_gb_f ijhp_^mju hij_^_e_gby l_ogbq_kdbo oZjZdl_jbklbd
^_l_dlhjZ \ lhf kemqZ_� _keb ba j_amevlZlh\ baf_j_gbc l_dmsbo agZq_�
gbc i_jbh^Z dhfie_dkgh]h fh^mebjh\Zggh]h kb]gZeZ� ijhba\h^bfuo
\lhjuf dZgZehf� \uq_klv j_amevlZlu baf_j_gbc i_j\h]h� hij_^_eyx�
s_]h l_dmsb_ agZq_gby i_jbh^Z g_kms_c� MdZaZggh_ ^_ckl\b_ bkdex�
qZ_l ba jZkkfhlj_gby nZah\uc rmf ]_g_jZlhjZ l_klh\h]h kb]gZeZ�
ihkdhevdm _]h \deZ^ \ j_amevlZlu baf_j_gbc h^bgZdh\ ^ey h[hbo
dZgZeh\� Baf_j_gb_ gZqZevghc jZaghklb nZa iha\hey_l `_kldh knZab�
jh\Zlv ihlhdb ^Zgguo \ dZgZeZo b� aZ kq_l wlh]h� fbgbfbabjh\Zlv
ih]j_rghklv ijhp_^mju \uqblZgby� 

DZdbf `_ h[jZahf baf_jy_lky gZqZevgZy jZaghklv nZa" H[jZlbf�
ky d ^bZ]jZff_� ihdZaZgghc gZ jbk���  

G_ljm^gh aZf_lblv� qlh \j_f_gghc bgl_j\Ze f_`^m lhqdZfb i_�
j_k_q_gby gme_\hc ebgbb kb]gZeZfb \ h[hbo dZgZeZo fh`gh ij_^klZ�
\blv \ \b^_ kmffu lj_o bgl_j\Zeh\� 

t1 = 1 - hi-/(hi- + hi+)⋅T, 
t2  = N⋅T, 
t3 = hj-/(hj- + hj+)⋅T. 

(3) 

I_j\uc b lj_lbc bgl_j\Zeu m`_ y\eyxlky j_amevlZlZfb baf_j_�
gbc� ijhba\h^bfufb i_j\uf b \lhjuf dZgZehf j_]bkljZpbb� Ke_^h\Z�
l_evgh� ^ey aZ\_jr_gby ijhp_^mju baf_j_gby gZqZevghc jZaghklb nZa
g_h[oh^bfh hij_^_eblv lhevdh ^ebl_evghklv bgl_j\ZeZ W2, jZkiheh`_g�
gh]h f_`^m lhqdZfb \aylby \lhjh]h bgnhjfZlb\gh]h hlkq_lZ \ i_j\hf
dZgZe_ b i_j\h]h \h \lhjhf� WlZ hi_jZpby \uihegy_lky k ihfhsvx



 

11 12 
 

^hihegbl_evgh]h kq_lqbdZ FRXQWBGHOWD>����@� ih^kqblu\Zxs_]h gZ
bgl_j\Ze_ W2 p_eh_ qbkeh 1 i_jbh^h\ qZklhlu ^bkdj_lbaZpbb :PI� 

B ihke_^g__ h[klhyl_evkl\h� gZ dhlhjh_ ke_^m_l h[jZlblv \gbfZ�
gb_� Hgh dZkZ_lky nhjfZlZ ij_^klZ\e_gby ^Zgguo h j_amevlZlZo baf_�
j_gbc ^ebl_evghklb i_jbh^Z \ dZ`^hf dZgZe_ j_]bkljZpbb b kihkh[Z
\hkklZgh\e_gby fh^mebjmxs_]h kb]gZeZ ijb h[jZ[hld_ wlbo j_amevlZ�
lh\� 

>ebl_evghklv l_dms_]h i_jbh^Z \oh^gh]h kb]gZeZ� dZd m`_ hlf_�
qZehkv� hij_^_ey_lky mjZ\g_gb_f ���� <lhjhc b lj_lbc we_f_glu
mjZ\g_gby ij_^klZ\eyxl kh[hc ^jh[gmx qZklv ^ebl_evghklb bgl_j\ZeZ�
jZkiheh`_ggh]h f_`^m lhqdhc \aylby hlkq_lZ :PI ^h i_j_oh^Z \oh^�
guf kb]gZehf q_j_a gme_\mx ebgbx b lhqdhc i_j_k_q_gby bf wlhc
gme_\hc ebgbb� Ijbq_f� wlb bgl_j\Zeu hlghkylky d ke_^mxsbf ^jm] aZ
^jm]hf i_jbh^Zf baf_g_gby \oh^gh]h kb]gZeZ� Mqblu\Zy mdZaZggh_
h[klhyl_evkl\h fh`gh kms_kl\_ggh khdjZlblv h[t_f bgnhjfZpbhggh�
]h ihlhdZ \ dZ`^hf dZgZe_ j_]bkljZpbb� _keb j_amevlZl dZ`^h]h baf_�
j_gby ij_^klZ\blv \ \b^_� 

ti = Ni⋅T+(hi-/(hi-+ hi+))⋅T (4) 

AZf_gyy i_j_f_ggu_ kh^_j`bfuf kq_lqbdZ b khhl\_lkl\mxsbo
j_]bkljh\� Z lZd`_ bkdexqZy h[sbc fgh`bl_ev 7� ihemqZ_f� 
ti* = Ni+ hi-/(hi-+ hi+)=rg_count[5..0]i+rg_ampl[10..0]i/rg_delta[10..0]i (5) 

K p_evx mijhs_gby ihke_^mxsbo ijhp_^mj gZdhie_gby� i_j_�
^Zqb b h[jZ[hldb ^Zgguo ihemq_gguc mdZaZgguf h[jZahf ��-lb jZa�
jy^guc j_amevlZl l_dms_]h baf_j_gby hdjm]ey_lky ^h ��-lb jZajy^gh�
]h� 

Ijb \hkklZgh\e_gbb fh^mebjmxs_]h kb]gZeZ \hafh`gu ^\Z
ih^oh^Z – ^bnn_j_gpbZevguc b bgl_]jZevguc� 

< jZfdZo i_j\h]h ^ebl_evghklv dZ`^h]h i_jbh^Z nZahfh^mebjh�
\Zggh]h kbgmkhb^Zevgh]h kb]gZeZ hij_^_ey_lky m`_ ba\_klguf \ujZ�
`_gb_f ���� 

ti = (Ni⋅T + 1) – {h(i-1)-/ (h(i-1)- + h(i-1)+)   +  hi-/(hi- + hi+)} ⋅T. (6) 
H^gZdh� ke_^m_l h[jZlblv \gbfZgb_ gZ lhl nZdl� qlh ijb ^Zgghf

kihkh[_ \hkklZgh\e_gby [m^_l ihl_jygZ bgnhjfZpby h oZjZdl_j_
ih\_^_gby gbadhqZklhlguo khklZ\eyxsbo fh^mebjmxs_]h kb]gZeZ�
Wlh e_]dh ihdZaZlv� ij_^iheh`b\� qlh fh^mebjmxsbc kb]gZe y\ey_lky
kbgmkhb^Zevguf� >ey _]h \hkklZgh\e_gby g_h[oh^bfh� qlh[u gZ \j_�
f_gghf bgl_j\Ze_� jZ\ghf i_jbh^m g_kms_c� \ua\Zggh_ fh^meypb_c
baf_g_gb_ wlh]h i_jbh^Z [ueh g_ f_g__ ih]j_rghklb baf_j_gby�
Hlkx^Z ke_^m_l�  

t = π⋅Am⋅(Fm/Fs)⋅(2n+1-1)/2 (6) 
=^_� W - Zfieblm^Z \hkklZgh\e_ggh]h fh^mebjmxs_]h kb]gZeZ�

Am b  )P Zfieblm^Z b qZklhlZ bkoh^gh]h fh^mebjmxs_]h
kb]gZeZ� )V - qZklhlZ g_kms_c� n   -jZajy^ghklv :PI� 

>Zggh_ khhlghr_gb_ mdZau\Z_l gZ ebg_cgmx aZ\bkbfhklv Zf�
ieblm^u \hkklZgh\e_ggh]h kb]gZeZ hl qZklhlu fh^mebjmxs_]h�
G_kfhljy gZ wlh� ijhklhlZ fZl_fZlbq_kdhc h[jZ[hldb ^Zgguo� lj_[m_�
fhc ^ey \uqbke_gby \ j_`bf_ j_Zevgh]h \j_f_gb ]em[bgu nZah\hc
fh^meypbb� iha\hey_l wnn_dlb\gh bkihevah\Zlv mdZaZgguc f_lh^
\hkklZgh\e_gby ijb ihkljh_gbb kbkl_f h[jZlghc k\yab� gZijZ\e_gguo
gZ ih^^_j`Zgb_ l_dms_]h agZq_gby iehlghklb ieZafu� 

<lhjhc f_lh^ \hkklZgh\e_gby bf__l iehkdmx Zfieblm^gh-
qZklhlgmx oZjZdl_jbklbdm \h \k_f ^bZiZahg_ baf_g_gby qZklhl fh^m�
eypbb� gh lj_[m_l ij_^\Zjbl_evgh]h gZdhie_gby ^Zgguo� Hg hkgh\Zg gZ
\uqbke_gbb \j_f_gguo dhhj^bgZl lhq_d i_j_k_q_gby nZahfh^mebjh�
\Zgguf kb]gZehf gme_\hc ebgbb hlghkbl_evgh g_dhlhjh]h gZqZevgh]h

N·

hi- 

hi+ 

hj- 
hj+ 

Jbk� �� Baf_j_gb_ gZqZevghc jZaghklb nZa� 
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fhf_glZ \j_f_gb ih j_amevlZlZf l_o `_ baf_j_gbc� Kmlv wlh]h f_lh^Z

ihykgy_l \j_f_ggZy ^bZ]jZffZ� ijb\_^_ggZy gZ jbk��� 
Hij_^_ebf \j_f_ggu_ dhhj^bgZlu ^ey i_j\uo lj_o lhq_d i_j_k_�

q_gby nZahfh^mebjh\Zgguf kb]gZehf gme_\hc ebgbb dZd� 
t1 =  (1 - h0-/ (h0- + h0+) + N1 + h1-/(h1- + h1+), (7) 
t2 =  (1 - h0-/ (h0- + h0-) + N1  + 1 + N2 + h2-/(h2- + h2+),  
t3 =  (1 - h0-/ (h0- + h0-) + N1  + 1 + N2 + 1 +  N3 + h3-/(h3- + h3+).  

Kf_klb\ gZqZevgmx lhqdm hlkq_lZ gZ ��- h0-/(h0-+h0+�� fh`gh aZib�

kZlv \ujZ`_gb_ ^ey \uqbke_gby \j_f_gghc dhhj^bgZlu ijhba\hevghc

lhqdb i_j_k_q_gby \ \b^_� 
ti = ∑Ni + (i-1) + hi-/(hi- + hi+) (8) 

>ey [he__ m^h[gh]h ij_^klZ\e_gby bgnhjfZpbb h oZjZdl_j_ ih\_�

^_gby fh^mebjmxs_]h kb]gZeZ \h \j_f_gb mdZaZggh_ \ujZ`_gb_

ebg_Zjbam_lky b hdhgqZl_evgh aZibku\Z_lky dZd� 
ti = ∑Ni + (i-1) + hi-/(hi- + hi+) – i⋅t* (9) 

]^_� W
  �∑Ni + (i-1) + hi-/(hi- + hi+))/i – kj_^g__ agZq_gb_ ^ebl_ev�

ghklb i_jbh^Z g_kms_c� ihemq_ggh_ gZ hkgh\_ L j_amevlZlh\ baf_j_gbc

\ dZgZe_ j_]bkljZpbb hihjgh]h kb]gZeZ �g_fh^mebjh\Zgghc g_kms_c�� 

Ijh]jZffgu_ kj_^kl\Z kbkl_fu j_]bkljZpbb 
Ijh]jZffgh_ h[_ki_q_gb_ kbkl_fu j_]bkljZpbb ihkljh_gh ih

deb_gl-k_j\_jghc l_ogheh]bb b khklhbl ba ^\mo ijbdeZ^guo ijh]jZff�
I_j\Zy ijh]jZffZ� k_j\_j� bkihegy_lky ijhp_kkhjhf ,3 fh^mey� HgZ

hij_^_ey_l j_`bf jZ[hlu j_]bkljZlhjZ� gZdZieb\Z_l ihklmiZxsb_ hl

g_]h ^Zggu_ b i_j_^Z_l gZdhie_ggu_ bgnhjfZpbhggu_ fZkkb\u q_j_a

Ethernetijh]jZff_-deb_glm i_jkhgZevgh]h dhfivxl_jZ� 
,3 fh^mev jZ[hlZ_l ih^ mijZ\e_gb_f HK Linux ���� Ijh]jZffZ-

k_j\_j gZibkZgZ gZ yaud_ *QX &� HgZ aZ]jm`Z_lky Z\lhfZlbq_kdb� kjZam

`_ ihke_ \dexq_gby iblZgby j_]bkljZlhjZ b aZ]jmadb hi_jZpbhgghc

kbkl_fu� Kbkl_fZ aZgbfZ_l ihjy^dZ ���F[ ba h[s_]h h[t_fZ iZfylb ,3

fh^mey \ ��F[� Qmlv [hevr_ �F[ j_a_j\bjm_lky ijh]jZffhc-k_j\_jhf
^ey gZdhie_gby ^Zgguo� >Zggu_ hl j_]bkljZlhjZ ijbgbfZxlky [ehdZfb

ih ��D hlkq_lh\ dZ`^uc� Qbkeh bkihevam_fuo [ehdh\ aZ^Z_lky ihevah�

\Zl_e_f ijh]jZffgh b g_ ^he`gh ij_\urZlv ��-o� FZdkbfZevgh \ha�
fh`ghfm dhebq_kl\h bgnhjfZpbhgguo [ehdh\ khhl\_lkl\m_l ^ebl_ev�

ghklv bgl_j\ZeZ j_]bkljZpbb g_fgh]bf [he__ ^\mo k_dmg^� 
<aZbfh^_ckl\b_ ijh]jZff k_j\_jZ b deb_glZ ijhba\h^blky q_j_a

Ethernet\ jZfdZo ijhlhdheZ 7&3�,3� KjZam `_ ihke_ \dexq_gby iblZ�
gby j_]bkljZlhjZ b aZ]jmadb ijh]jZffZ-k_j\_j i_j_oh^bl \ j_`bf

h`b^Zgby ih^dexq_gby ijh]jZffu-deb_glZ� Ihke_ aZ\_jr_gby ijhp_�
^mju ih^dexq_gby ijh]jZffZ-deb_gl fh`_l \aZbfh^_ckl\h\Zlv k

k_j\_jhf k ihfhsvx ^hklZlhqgh ijhklh]h gZ[hjZ dhfZg^� hij_^_eyx�

sbo \u[hj j_`bfZ jZ[hlu j_]bkljZlhjZ� ^ebgm bgnhjfZpbhgguo

fZkkb\h\ b j_`bf aZimkdZ – ijh]jZffguc�\g_rgbc� 
J_]bkljZlhj fh`_l jZ[hlZlv \ ^\mo hkgh\guo j_`bfZo� I_j\uc ba

gbo - j_`bf j_]bkljZpbb� >Zggu_� ihklmiZxsb_ hl :PI i_j\h]h b

\lhjh]h dZgZeh\ j_]bkljZpbb k qZklhlhc �F=p� gZdZieb\Zxlky \ AM ,3

fh^mey� Z aZl_f i_j_kueZxlky ijh]jZff_-deb_glm ih dZgZem k\yab�

Ijh]jZffZ-deb_gl� ihemqb\ ^Zggu_� hlh[jZ`Z_l bo \ ]jZnbq_kdhf

\b^_ gZ wdjZg_ fhgblhjZ� g_ \uihegyy gbdZdhc ^hihegbl_evghc fZl_�

fZlbq_kdhc h[jZ[hldb� < wlhf j_`bf_ fZdkbfZevgh_ qbkeh gZdZieb�

\Z_fuo b hlh[jZ`Z_fuo bgnhjfZpbhgguo [ehdh\ ih dZ`^hfm dZgZem

fh`_l ^hklb]Zlv ���  
< jZfdZo hibkZggh]h j_`bfZ j_]bkljZpbb _klv \hafh`ghklv aZ�

^Zlv ^hihegbl_evguc� lZd gZau\Z_fuc �WXUER� ih^j_`bf� Hg oZjZdl_�

jbam_lky f_gvrbf h[t_fhf gZdZieb\Z_fuo ^Zgguo �� [ehdZ� b [he__

\ukhdbf agZq_gb_f qZklhlu ^bkdj_lbaZpbb :PI ��F=p�� 

t1 

t2 

t3 

Jbk� �� <j_f_ggu_ dhhj^bgZlu ^ey i_j\uo ljzo lhq_d� 
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<lhjhc j_`bf - j_`bf gZdhie_gby ^Zgguo� kh^_j`Zsbo bgnhj�

fZpbx h j_amevlZlZo baf_j_gby ^ebl_evghklb dZ`^h]h i_jbh^Z g_km�

s_c b nZahfh^mebjh\Zggh]h kb]gZeZ� Hg iha\hey_l ijh]jZff_-deb_glm
\hkklZgZ\eb\Zlv ^bgZfbdm baf_g_gby nZau f_lh^hf� jZkkfZljb\Z_fuf

\ ^Zgghc jZ[hl_� >ey wlh]h j_`bfZ qbkeh bgnhjfZpbhgguo [ehdh\ ih

dZ`^hfm ba dZgZeh\ j_]bkljZpbb fh`_l [ulv aZ^Zgh \ bgl_j\Ze_ hl �

^h ���  
DZd m`_ hlf_qZehkv� ijh]jZffZ-deb_gl hkms_kl\ey_l mijZ\e_gb_

j_]bkljZlhjhf k ihfhsvx dhfZg^� i_j_^Z\Z_fuo ,3 fh^mex ih 7&3�,3

ijhlhdhem� GZjy^m k wlbf hgZ hkms_kl\ey_l g_h[oh^bfmx ^ey hlh[jZ�

`_gby bgnhjfZpbb fZl_fZlbq_kdmx h[jZ[hldm ^Zgguo b ijhba\h^bl

bo aZibkv \ nZce�  
OZjZdl_j hlh[jZ`_gby ihemq_gguo ijh]jZffhc-deb_glhf ^Zgguo

aZ\bkbl hl \u[jZggh]h j_`bfZ jZ[hlu� < i_j\hf j_`bf_ �j_`bf

j_]bkljZpbb� \ \b^_ ]jZnbdZ hlh[jZ`Z_lky \ky ihke_^h\Zl_evghklv ��-
jZajy^guo hlkq_lh\ :PI� <h \lhjhf j_`bf_ ^h hlh[jZ`_gby bgnhj�

fZpbb ijhba\h^blky ij_^\Zjbl_evgZy fZl_fZlbq_kdZy h[jZ[hldZ

^Zgguo� \dexqZxsZy \ k_[y ke_^mxsb_ ijhp_^mju� 
gZoh`^_gby kj_^g_]h agZq_gby ^ebl_evghklb i_jbh^Z g_kms_c W

* 
�mjZ\g_gb_ �E�� 

kbgojhgbaZpbb baf_j_gbc \ dZgZeZo mq_lhf nZdlbq_kdh]h agZq_�

gby gZqZevgh]h k^\b]Z nZa� hij_^_ey_fh]h khhlghr_gb_f ���� 
ebg_ZjbaZpbb b \hkklZgh\e_gby fh^mebjmxs_]h kb]gZeZ� 
Ijhp_^mju � b � \uihegyxlky Z\lhfZlbq_kdb kjZam `_ ihke_

ijbzfZ ^Zgguo� Ihke_^gyy ijhp_^mjZ \uihegy_lky ih `_eZgbx hi_jZ�

lhjZ k ihfhsvx \kihfh]Zl_evghc dhfZg^u �\uqblZgb_��  
Ijbgylu_ ijh]jZffhc-deb_glhf ^Zggu_� \ aZ\bkbfhklb hl \u�

[jZggh]h j_`bfZ jZ[hlu j_]bkljZlhjZ� fh]ml [ulv aZibkZgu \ nZce

kjZam `_ �j_`bf j_]bkljZpbb�� eb[h ihke_ \uiheg_gby ijhp_^mj � beb

�� Ih mfheqZgbx nZce bf__l jZkrbj_gb_ ³PDW´ b \ ^Zevg_cr_f kh�

^_j`ZsZyky \ g_f bgnhjfZpby fh`_l h[jZ[Zlu\Zlvky k ihfhsvx

MatCad beb Matlab. 
>ey \hkklZgh\e_gby nZau f_lh^hf� hkgh\Zgghf gZ bkihevah\Zgbb

;IN� [ueZ gZibkZgZ hl^_evgZy ijh]jZffu h[jZ[hldb ^Zgguo� aZib�

kZgguo \ nZce \ j_`bf_ j_]bkljZpbb� JZkkfhljbf f_lh^bdm \hkklZ�

gh\e_gby fh^mebjmxs_]h kb]gZeZ wlbf f_lh^hf [he__ ih^jh[gh�  
< dhfie_dkghc nhjf_ nZahfh^mebjh\Zgguc kbgmkhb^Zevguc

kb]gZe� h[jZ[hlZgguc :PI� fh`gh aZibkZlv \ \b^_� 

( )))(())(( 00)(
2

1
)( nnnn ttitti

nn eetAtx θωθω +−+ +⋅=  (10) 

]^_ )( ntA b )( ntθ  - Zfieblm^Z b nZaZ kb]gZeZ \ lhqdZo hlkq_�

lZ ntn ∆⋅=nt . 

DeZkkbq_kdbc f_lh^ ^_fh^meypbb ij_^iheZ]Z_l mfgh`_gb_ e_\hc

b ijZ\hc qZklb ^Zggh]h mjZ\g_gby gZ ntie 02 ω−⋅ : 

( )))(2()( 00 )(2)( nnnn ttiti
n

ti
n eetAetx θωθω +−− +⋅=⋅⋅  (11) 

b nbevljZpbx dhfihg_glu kb]gZeZ k m^\h_gghc qZklhlhc k ih�

fhsvx nbevljZ gb`gbo qZklhl� 
)()()( nti

nn etAty θ⋅=  (12) 

>Ze__� l_dms__ agZq_gb_ nZau fh`_l [ulv hij_^_e_gh dZd� 







=

))(Re(

)(Im(
arctan)(

n

n
n ty

ty
tθ  (13) 

H^gZdh� j_ZebaZpby ^Zggh]h Ze]hjblfZ g_ j_rZ_l gZr_c aZ^Zqb�

ihkdhevdm hg g_ mqblu\Z_l baf_g_gbc nZau \ hihjghf dZgZe_� \uau�

\Z_fhf \g_rgbfb nZdlhjZfb �l_fi_jZlmjhc� f_oZgbq_kdbfb ^_nhjfZ�

pbyfb bgl_jn_jhf_ljZ� baf_g_gb_f k l_q_gb_f \j_f_gb qZklhlu

]_g_jZlhjZ hihjgh]h kb]gZeZ b l�^��� J_Zevgh gZf gm`gh \u^_eblv

kb]gZe� dhlhjuc hij_^_ey_lky \ \b^_� 

)()()( nrefnnplasma ttt θθθ −=  (14) 

JZkkfhljbf Ze]hjblf \uqbke_gby wlhc jZaghklb ���� AZibr_f

ijhr_^rbc q_j_a ieZafm kb]gZe \ ^bkdj_lghc nhjf_ dZd� 

))(cos()()( 0 nnnAnx θω +′⋅= ,  1...,2,1,0 −= Nn  (15) 

]^_ N-^ebgZ \u[hjdb b t∆=′ 00 ωω � <ay\ ;IN hl )(nx � ihem�

qbf� 

∑
−

=

′−=′′
1

0
0

0)(
1

)(
N

n

nienx
N

x ωω  (16) 

>ey bkdexq_gby ba jZkkfhlj_gby ]Zjfhgbd k qZklhlhc [he__ qZk�

lhlu GZcd\bklZ bkihevam_f ke_^mxsbc pbnjh\hc nbevlj� 
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







−≤<=′′

≤≤′=′′

1
2

,0)(

2
0),()(

0

00

Nn
K

x

K
nxx

ω

ωω
 (17) 

]^_ K- wd\b\Ze_glgZy qZklhlZ GZcd\bklZ� jZ\gZy qZklhl_ kj_aZ

nbevljZ� 
GZijbf_j� 

_keb F=pFNF=pF g_kms_cpbb^bkdj_lbaZ 1,1024,5 === � lh

N
F

F
K

pbb^bkdj_lbaZ

g_kms_c ⋅=  

<ay\ h[jZlgh_ ;IN hl ����� ihemqbf� 
))(( 0~)( nnienx θω +′′  (18) 

Kb]gZe g_kms_c \ ^bkdj_lghf ij_^klZ\e_gbb [m^_l \u]ey^_lv

dZd� 

))(cos()()( 0 nnnBny refθω +′⋅= ,  1...,2,1,0 −= Nn  (19) 

Ijbf_gb\ d g_fm l_ `_ ^_ckl\by� qlh b d nZahfh^mebjh\Zgghfm

kb]gZem� ihemqbf� 
))(( 0~)( nni refeny θω +′′  (20) 

Mfgh`Zy ���� gZ dhfie_dkgh khijy`_ggh_ ����� aZibr_f j_amev�

lZl \ \b^_� 
))()((* )())(()()( nni refenCnynxnz θθ −=′⋅′=  (21) 

Hlkx^Z ke_^m_l� qlh� 






=−=
))(Re(
)(Im(

arctan)()()(
nz

nz
ttt nrefnnplasma θθθ  (22) 

>ey j_ZebaZpbb hibkZggh]h \ur_ Ze]hjblfZ \hkklZgh\e_gby fh�

^mebjmxs_]h kb]gZeZ [ueZ kha^ZgZ ki_pbZevgZy ijh]jZffZ h[jZ[hldb

^Zgguo� ihemqZ_fuo hibkZgghc jZg__ kbkl_fhc \ j_`bf_ j_]bkljZpbb�

>ey h[jZ[hldb ^ebgguo fZkkb\h\� k p_evx wdhghfbb \j_f_gb kq_lZ

ijb \uiheg_gbb ;IN� bkihevah\Zeky f_lh^ \uqbke_gbc k i_j_djulb_f

b gZdhie_gb_f ������ IZjZf_lju� hij_^_eyxsb_ ^ebgm \u[hjdb b

\_ebqbgm i_j_djulby� aZ^Zxlky ihevah\Zl_e_f k p_evx hilbfbaZpbb

lhqghklb b kdhjhklb \uqbke_gbc� 

J_amevlZlu l_klh\uo bkiulZgbc 
Ijb ijh\_^_gbb l_klh\uo bkiulZgbc kbkl_fu j_]bkljZpbb ij_�

`^_ \k_]h ih\_jyebkv __ lhqghklgu_ oZjZdl_jbklbdb dZd \ j_`bf_

j_]bkljZpbb� lZd b \ j_`bf_ baf_j_gby ^ebl_evghklb i_jbh^h\ nZah�

fh^mebjh\Zggh]h kb]gZeZ� 
GZ jbk��� ijb\_^_�

gu ]bklh]jZffu jZkij_�

^_e_gby \uoh^guo

agZq_gbc dh^Z :PI ^ey

i_j\h]h b \lhjh]h dZgZ�

eh\ \ j_`bf_ j_]bkljZ�

pbb ijb hldexq_gguo

\oh^guo kb]gZeZo�  
<b^gh� qlh Zfieb�

lm^Z b kj_^g_d\Z^jZlbq�

gh_ agZq_gb_ rmfh\

ij_h[jZah\Zgby \ dZ`�

^hf baf_jbl_evghf

ljZdl_ kbkl_fu g_ ij_�

\urZxl _^bgbpu feZ^�

r_]h jZajy^Z :PI� 
GZ jbk��� ijb\_^_gu ]jZnbdb� hljZ`Zxsb_ oZjZdl_j baf_g_gby

\uoh^guo dh^h\ :PI ijb h[jZ[hld_ bfb \oh^gh]h kbgmkhb^Zevgh]h

kb]gZeZ [_a fh^meypbb k qZklhlhc �F=p� ihklmiZxs_]h h^gh\j_f_ggh

 
Jbk� �� OZjZdl_j baf_g_gby \uoh^guo dh^h\

:PI

 
Jbk� �� =bklh]jZffu jZkij_^_e_gby \uoh^guo agZq_�

gbc dh^Z :PI ^ey i_j\h]h b \lhjh]h dZgZeh\ 

H[s__ qbkeh hklqzlh\� ����� 
Z� JZkij_^_e_gb_ dh^Z \ i_j\hf dZgZe_ 

[� JZkij_^_e_gb_ dh^Z \h \lhjhf dZgZe_ 
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gZ h[Z dZgZeZ j_]bkljZpbb� jZ[hlZxsbo \ j_`bf_ baf_j_gby ^ebl_ev�

ghklb i_jbh^h\� 
:fieblm^gu_ baf_g_gby kb]gZeh\ gZ jbkmgd_ hljZ`Zxl nZah\u_

[b_gby f_`^m ]_g_jZlhjhf l_klh\h]h kbgmkhb^Zevgh]h kb]gZeZ b

]_g_jZlhjhf qZklhlu ^bkdj_lbaZpbb :PI kbkl_fu j_]bkljZpbb �qbkem

���� ih \_jlbdZeb khhl\_lkl\m_l baf_g_gb_ jZaghklb nZa \ �����

jZ^bZg��  
>ey hij_^_e_gby rmfh\uo oZjZdl_jbklbd ljZdlZ j_]bkljZpbb \

j_`bf_ baf_j_gby ^ebl_evghklb i_jbh^h\ \oh^guo kb]gZeh\ ba l_dm�

sbo baf_j_gbc i_j\h]h dZgZeZ \uqblZebkv l_dmsb_ baf_j_gby \lhjh�

]h� J_amevlbjmxs__ jZkij_^_e_gb_ dh^h\ ijb\_^_gh gZ jbk� �[� GZ jbk�

�Z�� ^ey dhgljhey aZ dhjj_dlghklvx \uiheg_gby ^Zgghc hi_jZpbb�

ijb\_^_gh jZkij_^_e_gb_ j_amevlbjmxsbo dh^h\ ijb \uqblZgbb

l_dmsbo agZq_gbc \lhjh]h dZgZeZ kZfbo ba k_[y� DZd b ke_^h\Zeh

h`b^Zlv� \k_ wlb dh^u bf_xl gme_\h_ agZq_gb_� 
:gZebabjmy ihemq_ggu_ j_amevlZlu� g_ljm^gh aZf_lblv� qlh Zf�

ieblm^Z rmfh\ \ dZ`^hf ba baf_jbl_evguo ljZdlh\ ih djZcg_c f_j_

\^\h_ f_gvr_ oZjZdl_jgh]h ^ey jbk��[� agZq_gby �� d\ZglZ :PI� qlh

khhl\_lkl\m_l Zfieblm^_ nZah\hc fh^meypbb f_g__ ��
-3 jZ^bZg�� ih�

kdhevdm ijb \uiheg_gbb ijhp_^mju \uqblZgby l_dmsbo hlkq_lh\

h^gh]h dZgZeZ ba ^jm]h]h rmfh\u_ dhfihg_glu fh]eb lhevdh kmffb�

jh\Zlvky�  
Ke_^mxsbf� \_kvfZ \Z`guf iZjZf_ljhf� y\ey_lky agZq_gb_ bgl_�

]jZevghc g_ebg_cghklb oZjZdl_jbklbdb ij_h[jZah\Zgby ljZdlh\ j_]b�

kljZpbb� jZ[hlZxsbo \ j_`bf_ baf_j_gby ^ebl_evghklb i_jbh^h\

g_kms_c� >ey hij_^_e_gby

wlhc khklZ\eyxs_c ih�

]j_rghklb ijhba\h^behkv

nbdkZpby jZaghklb f_`^m

^\mfy ihke_^h\Zl_evgufb

hlkq_lZfb :PI h^gh]h ba

dZgZeh\ j_]bkljZpbb�

ihiZ^Zxsbfb \ ahgm

baf_g_gby nZau \oh^gh]h

kbgmkhb^Zevgh]h kb]gZeZ

hl �� ^h -� ]jZ^mkh\� Ijb

baf_j_gbyo h[_ lhqdb

\aylby hlkq_lh\ jZ\ghf_j�

gh b h^gh\j_f_ggh i_j_f_sZebkv ih m]em hl h^ghc ]jZgbpu ahgu

baf_j_gbc d ^jm]hc� J_amevlbjmxsbc ]jZnbd� hljZ`Zxsbc ^bgZfbdm

ih\_^_gby jZaghklb f_`^m wlbfb ^\mfy hlkq_lZfb :PI ijb\_^_g gZ

jbk���  

Ijb ebg_cghc oZjZdl_jbklbd_ ij_h[jZah\Zgby baf_jbl_evgh]h

ljZdlZ \ZjbZpby agZq_gbc mdZaZgghc jZaghklb ^he`gZ [ulv khbaf_jb�

fZ k bgl_jiheypbhgghc ih]j_rghklvx� hij_^_ey_fhc aZf_ghc kbgm�

khb^Zevghc nmgdpbb gZ ebg_cgmx ijb \uqbke_gbb ^jh[ghc qZklb

^ebl_evghklb l_dms_]h i_jbh^Z� GZihfgbf� qlh __ hlghkbl_evgh_

agZq_gb_ jZ\gh ����⋅10-3
� Ih j_amevlZlZf `_ baf_j_gbc fu bf__f

\_ebqbgm ih]j_rghklb \ �

d\Zglh\ :PI� qlh khhl\_lkl�

\m_l g_ebg_cghklb ih nZa_

1.41⋅10-3 jZ^bZg� 
GZ jbk��� ihdZaZgZ hk�

pbeeh]jZffZ fh^mebjmxs_]h

kb]gZeZ k qZklhlhc ���=p�

\u^_e_ggZy kbkl_fhc ijb

ijh\_^_gbb l_klh\uo bkiu�

lZgbc \ j_`bf_ baf_j_gby

^ebl_evghklb i_jbh^h\

nZahfh^mebjh\Zgghc g_km�

s_c� =em[bgZ nZah\hc fh^m�

eypbb – 3.1⋅10-3 jZ^bZg� GZ

 
Jbk� �� G_ebg_cghklv oZjZdl_jbklbdb ij_h[jZah\Zgby 

 
Jbk� ��� Hkpbeeh]jZffZ fh^mebjmxs_]h

kb]gZeZ k qZklhlhc ���=p 
Jbk� �� JZkij_^_e_gb_ dh^h\� 

H[s__ qbkeh hlkqzlh\ - 65536 
D� JZkij_^_e_gb_ dh^Z \ i_j\hf dZgZe_

[� JZkij_^_e_gb_ dh^Z \h \lhjhf dZgZe_ 
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hkpbeeh]jZff_ q_ldh \b^_g mjh\_gv rmfh\ baf_jbl_evgh]h ljZdlZ

�ihjy^dZ ��-3jZ^bZg��  
GZ jbkmgdZo k ��Z-] ijb\_^_gu njZ]f_glu hkpbeeh]jZff \hkklZ�

gh\e_gguo fh^mebjmxsbo kb]gZeh\ k h^ghc b lhc `_ ]em[bghc fh^m�

eypbb ����⋅10-2jZ^bZg� gh k jZaghc qZklhlhc� 

< ijhp_kk_ l_klbjh\Zgby kbkl_fu fh^mebjmxsbc kb]gZe \hkklZ�

gZ\eb\Zeky lZd`_ f_lh^hf� hkgh\Zgguf gZ bkihevah\Zgbb ;IN� GZ

jbk���Z ijb\_^_gu hkpbeeh]jZffu g_fh^mebjh\Zgghc g_kms_c

��F=p�� aZnbdkbjh\Zggu_ ijb qZklhl_ ^bkdj_lbaZpbb :PI �F=p� gZ

jbk���[– hkpbeeh]jZffu nZahfh^mebjh\Zggh]h kb]gZeZ� Z gZ jbk���\–
hkpbeeh]jZffu \hkklZgh\e_ggh]h fh^mebjmxs_]h kb]gZeZ� GZ ih�

ke_^gbo jbkmgdZo \b^_g mjh\_gv rmfh\ baf_jbl_evgh]h ljZdlZ �ihjy^�

dZ �⋅10-3 jZ^bZg�� 
GZ jbk��� ijb\_^_gZ hkpbeeh]jZffZ ih\_^_gby iehlghklb ieZa�

Z� ���=p 

 

\� �d=p 

 

[� �0d=p 

 

]� �00d=p 

 

Jbk� ��� NjZ]f_glu hkpbeeh]jZff \hkklZgh\e_gguo fh^mebjmxsbo kb]gZeh\� 

��d=p 

 

���d=p 

Jbk� ��� Hkpbeeh]jZffu� ihemq_ggu_ k ihfhsvx ijh]jZffu� hkgh\Zgghc gZ

bkihevah\Zgbb ;IN� 

Z� 

[� 

\� 
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Jbk� ��� Hkpbeeh]jZffZ ih\_^_gby iehlghklb ieZafu� 

]jZ^� 

k_d 
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fu� aZnbdkbjh\ZggZy \ j_`bf_ baf_j_gby ^ebl_evghklb i_jbh^h\

g_kms_c b nZahfh^mebjh\Zggh]h kb]gZeZ gZ kl_eeZjZlhj_ /+'� Yih�

gby� ]^_ hibkZggZy \ ^Zgghc jZ[hl_ kbkl_fZ j_]bkljZpbb ijhoh^bl

bkiulZgby \ j_Zevghf wdki_jbf_gl_� Ibdb gZ ^Zgghc hkpbeeh]jZff_

khhl\_lkl\mxl bg`_dpbb \ ieZafm djmibghd l\zj^h]h \h^hjh^Z� 

AZdexq_gb_� 
J_amevlZlu l_klh\uo bkiulZgbc kbkl_fu j_]bkljZpbb k h ko_fhc

nZah\h]h ^_l_dlhjZ gZ hkgh\_ ij_pbabhggh]h baf_j_gby ^ebl_evghklb

i_jbh^h\ g_kms_c b nZahfh^mebjh\Zggh]h kb]gZeZ ^Zxl hkgh\Zgby

k^_eZlv \u\h^ h i_jki_dlb\ghklb __ ijbf_g_gby \ ieZaf_gghf wdki_�

jbf_gl_� FZeu_ \j_f_ggu_ aZljZlu gZ fZl_fZlbq_kdmx h[jZ[hldm

^Zgguo� \ukhdh_ nZah\h_ jZaj_r_gb_ b ijZdlbq_kdb g_ h]jZgbq_gguc

^bgZfbq_kdbc ^bZiZahg y\eyxlky g_khfg_gguf ij_bfms_kl\hf hib�

kZggh]h \ ^Zgghc jZ[hl_ kihkh[Z nZah\h]h ^_l_dlbjh\Zgby ^Z`_ ih

kjZ\g_gbx k f_lh^bdhc� hkgh\Zgghc gZ ;IN� 
>Zevg_cr__ ih\ur_gb_ lhqghklb \hkklZgh\e_gby fh^mebjmxs_�

]h kb]gZeZ \ jZkkfZljb\Z_fhc ko_f_ nZah\h]h ^_l_dlhjZ \hafh`gh dZd

aZ kq_l ijbf_g_gby :PI k [hevrbf [ukljh^_ckl\b_f� lZd b aZ kq_l

bkihevah\Zgby ijb \uqbke_gbb ^jh[ghc qZklb ^ebl_evghklb l_dms_]h

i_jbh^Z \f_klh ebg_cghc bgl_jihebjmxs_c nmgdpbb ihebghfh\�

^Zxsbo kms_kl\_ggh f_gvrmx ih]j_rghklv ZiijhdkbfZpbb kbgmkhb�

^Zevgh]h kb]gZeZ \ h[eZklb fZeuo m]eh\� Ijbq_f� wlb \uqbke_gby� \

kbem bo ijhklhlu� fh]ml \uihegylvky \ j_`bf_ j_Zevgh]h \j_f_gb

lZ[ebqguf f_lh^hf� gZijbf_j� k bkihevah\Zgb_f IAM� 
< aZdexq_gbb Z\lhju kqblZxl k\hbf ijbylguf ^he]hf ih[eZ]h�

^Zjblv aZ ihfhsv \ jZ[hl_ __ nZdlbq_kdh]h bgbpbZlhjZ <yq_keZ\h\Z

E�G�� Z lZd`_ =mjdh <�N� b D\ZrgbgZ :�G� aZ l_ogbq_kdmx ihfhsv b

dhgkmevlZpbb ijb ba]hlh\e_gbb b bkiulZgbyo l_klh\hc kbkl_fu j_]b�

kljZpbb�  
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