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58w ) � f ¥ 4�	âµ��·¥6:, v-S/X�X/Ka:Ì���, K�Q:Ìâ_��, vYG:U���.s��5ÕKÏ)¿�H��uO��¹ÕåÊTM65 m
L�S�C�X 4*N�µ�'ýÅµòÏ	Ç¥S[1−4] , ÙÌ�Xð. ,�;��ùKu�K�Ka�Q 4*Ø�µ�'ýKÏå\�KÏÓ�ÛL�ð, �ÊÙ4*�µ�¾¡����KÅµ, åÊKÕÇ�-��è��¹b.)¿H��uO�/�5�Ü\�$ys.��. qÍ�ib)¿H��s.à ;�	: )¿ãb�gÆ¾¡�)¿b¾�ïî�obÊv��In!�ù&ïî�)¿���ïî�)¿b�'Æ_�åÊh��jðÅµ. (�5)��ß, )¿�uO��8Ç(ûßIHAÏÆ�(system equivalent flux density, SEFD)eaÏ, �I:ûßjð)��UMAÏ)¿)�(degrees per flux unit, DPFU)�Ô<. àd, uO���Øïå�ÇMNûßjð)�e�°, _ïå�Ç�ØUMAÏ)¿)�e�°.,�HÙú�TM65 m
ð4*âµ�¾¡��, Áh1; 6Æºð�(Ù4*�µ
ÛL'ýKÕ�Æ�å\, Ù;��ìù&���!�åÊ'�®)��I¹b; �ÆÙú�TM65 m�5�Ü\Ù4*�µ��EKÕÅµ, vùKÏ�'ýÛL������. h 1 Ku�K�Ka�Q�µs.¾¡��
Table 1 The critical design indicators of the Ku, K, Ka, and Q bands

Parameter
Band

Ku K Ka Q

Frequency range/GHz 12–18 18–26.5 30–34 40–46

Number of beam 1 2 1 2

Noise temperature of receiver/K 15 20 30 30–45

Noise temperature of system/K 27 46 60 66–108

Efficiency of the antenna/% 40 20a 50b 45b

a When the active surface is not enabled and surface flatness is better than 0.6 mm;

b When the active surface is enabled and surface flatness is better than 0.3 mm.

2 'ýKÕÆ�å\(ÛLØ�µ'ýKÕM, Å{H��°o}�;bbb¾�, v�obÆnù&,sùob!�ÛLÆn�K�, �K(�*¹M�ïðMn
ýå\(�sMÿ; 6Æ�/ob!�ÛL��!�K�, åÝÁ)¿���ïî}�1/10â_½�. d�, ��Æn�jð���<, &�KÏ��ûßjð)��H�1�	ûß'Oî; �Æù�'�®)_�	'����0¡.

2.1 ù&����;bïîù&���!Æ/ù)¿:°¹b�ûß'OîÛL!Æ, �ìïå	Ö�*�µÛL¾Æ�ú!å\. 1�¥6:���Å�Mnî�, (�����b0åMö,
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4�ob!����!��6�	�*ú��Oî<, F/(y��¥6:
Ù*Oî</Ø�. �ìïå(Mbú!�ú�
ÀKÙ*Oî, 6Æ\:y�¥6:�!�ÛLOîne, _ïåÍ°������ÅMn, �vM�åMöø���, F/Ù*å\v¹�, d^����Å:�ïåu;���ï��³�����3�'. (TM65

m
��õhÆ, M�¹Õ�:	HïL.�ìùob�X�Y�Z¹�MÿÛLú![5] , �IX¹�:ïðt¹�, Y¹�:��X¹�, �Z¹�:It¹�. Îß�ïî���úÑ, ùX�Y¹�!�� Ç(�Ìöýp, Æ ß�ob!�øÔ, ��ß�ïî��, Z¹��6Ç( ß!�� .!�ûpß�ïî}�1 mm, Áh2, h-A�B� · · ·�H:!�ûp; ωX�ωY�+:ß���h��. d�, ùX�Y¹�UMMnOû�w��OîÛL�¾ÆKÏ, vÛL!��, ÆKM ß�¹Õ(Ç(Ô�8p)øÔ, _� Æn, Áh3, h-ΩX�ΩY�+h:UMësobû¨�w���Oî; p1–p6:��e�ûp. h2–3-ïðÒel�UMG:'�. h 2 ob!���yûpÊvïî
Table 2 Parameters and their errors of the sub-reflector model

Shift in X direction/mm dX = A+B cos(ωX × el)+C sin(ωX × el) ωX=3.797

Shift in Y direction/mm dY = D + E cos(ωY × el) + F sin(ωY × el) ωY =3.032

Shift in Z direction/mm dZ = G+H sin el

Parameter A B C D E F G H

Value −0.45 −0.06 −0.03 10.10 13.65 16.42 −29.61 32.86

Error 0.11 0.16 0.12 0.62 0.76 0.78 0.52 0.71h 3 ��e�ûpÊvïî
Table 3 Parameters and their errors of the pointing compensation

ΩX/′′ p4 + p5 cos el+p6 sin el

ΩY /
′′ p1 + p2 cos el+p3 sin el

Parameter p1 p2 p3 p4 p5 p6

Value 3.02 1.52 2.95 6.87 −0.50 −0.24

Error 0.18 0.18 0.18 0.09 0.10 0.09(obǑ¨ö, (Kuâµ13.5 GHzÛL��KÕ�ß�, Ç(AWkÏ¹ÕÛLU¹��OîÀK, !�ß�Ç(22Âp, Æ ß�8Âp!�øÔ, ïå·����ß��î; !�ãeÆ, ÏÇÀK, ïî'�:8′′ (�RMS, root mean square), Ù�¾�ùKuâµ�ïÜû; �(Kaâµ
ò�1/10â_½�:4′′æó, àdSM�ïî/ï¥×�. :�ã³Ù�î�, ùKaâµ�Qâµ�ìGÇ(�kÏDÑ:��¹Õ, Æ�öî��ïî, �ÇåKµ, �ì�¡ïå¾0}�5′′ (¥Ñ4′′)���ïî.
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58w ) � f ¥ 4�ù�K�Q$*Ìâ_�µ, �ì¾n��âµÇ(ø��ob!�, �Åö�$â_ø�Þ¿sL�ïðt, $â_�ïðOîø�, �¹MOîê/�*ú�8p.d�, �ìÇ(ïðÒ53◦
��ek�á�á÷, Ç(øMr�®âhoÕÓ�;¨b�t, �ûß;b¾�¾0�0.3 mm (RMS).

2.2 '��qÍ��¥Ñ22.3 GHz4�P86¿��ö, '�®)�Æ>
G, Ù�ü�ûßjð)��>Wv�, Ù(Kuâµ
ï�KâµåÊKaâµ��ïØ�A�Æ>, þ1Ùú�
w0:'�®)Ǒ���)vÒ�Ø�Åµ.
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Fig. 1 The changes of Shanghai atomospheric brightness temperature with zenith angleÑS���)�Æ����øs[6], %<�jð���:Ç(Ñ<�Õ�ïîl�(æÁ(1)–(2)�), ï(�Ø�KÏö�!.

TN =
hf

k(e
hf
kT − 1)

, (1)

TC = T −
hf

k(e
hf
kT − 1)

, (2)v-f:��; h:n�KaÏ6.6262×10−34 J·s; k:»�yü8p1.3806488×10−23

J·K−1; TN:Æ��øs�ÑS��)�; T:i�)�; TC:Ñ<�Õ�ïî.Ǒ����
G, TCïî� '(TC�IæÁ(2)�), ÂÁþ2. (X�µ8 GHzå�ö, ïîê	0.2 Kæó, ê	(ûßjð)�,«�N(àKÏ§)�Ø¾�KÏö���å�Q, �0Q�µ43 GHzö, Ù*ïî:1 Kæó.
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4�
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Fig. 2 Approximation algorithm error of noise temperature vs. frequency'��Æ���ÕïåRÓ:ùûßjð)�ǑïðÒ�ß�[7] , �(3)��::

Tsys − Tspill = Trec + Tatm

(

1− e−τ0 airmass
)

, (3)�-Tsys:ûßjð)�; Trec:¥6:jð)�; Tspill:ÎÆã�ÁãÛe�0b��,�,��àK; Tatm:'�Ýùi�)�, (�eÅµ�, Ö−15◦C:ØB'��sG)�; τ0:)v¹�'��Æ�(ÈðIñ), (¾nÅµ�, ��!�ãe; airmassh:'��R����, Öairmass = 1/ sin el. (�sâµ, Sτ0���Åµ�, ù
�ÛLðÒU�, vÖ,1y, �¤:TspillÑ<:0, �ïå(��(4)�ÛLÑ<:

Tsys ≈ Trec + Tatm

τ0
sin el

. (4)(Tatmòå�Åµ�, �Ç�Ä�ïðÒ
�Tsys , ïåß�úTrec�τ0.S��
Góësâµö, Ç(^¿'ß��� ��0·�τ0 . h4Ùú�¿'ß��^¿'ß��Åµ. þ3-Ùú��τ0ö, (3)��h!��(4)�Ñ<!�KîǑïðÒ�Ø�, ïå�0, Sτ0'�0.1ö, (NðÒ
Ñ<!�¡��0�TsysÆ>Ô�E<O', àd(Ø�µö, �ìÇ(�^¿'ß�¹Õå·�τ0 , Ù/à:(ësâµǑ�τ0��', 
ðÑ<�¿'ß�ïî�� , �Ç(^¿'ß�ïå�}0·�τ0�Trec. (Ø�µ'��qÍ� gÈ, Ï�20 minæóÛL)¿>�ÂK, å·Ö=Ï�ö�τ0, 6Æù-�ö��pnÛL�Òî.h 4 ¿'ß��^¿'ß�Ô�
Table 4 The comparison between linear and nonlinear fittings

Method
Ku Ka

Trec τ0 Trec τ0

Linear fitting 17.93 0.0324 40.0 0.1013

Nonlinear fitting 17.15 0.0352 27.5 0.1467

Error of linear fitting/% 4.3 8.6 31.3 44.8
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Fig. 3 The differences of the approximate model and full model in the system noise temperature

measurement with different atomospheric opacities

2.3 jð���ûßjð)�KÏ�8Ç(Y àPÕ, sHùûß�e�*òåjð)��}jðá÷, �0�*�ú��; �©)¿ù�·z, �0,2*�ú��; $��Ô<s:YàP, �ÇYàPïå¡�úûßjð)�. �8��</(��¤Ç(·(².)�77

K)í(8)300 K)�}Õ���, Oî�1–2 K. :��Æn0n�jð��<, ïå(¥6:�Å0)¿
Æ, Ç(·z�8)�}���YàPÕ!8��¤�jð��<.1�·z�)�Ô77 K�N, àdåYàPÔ��¤Ç(².·�}��ö�YàP�', S¾08 dBå
ö, ��ïî���. Ç(8)T300�·z$*�}·�YàPÆ,�+'��ûßjð)�ïåh:��:

Tsys =
T300

Y
+

TR + Tfeed

Y
, (5)v-T300:8)�}�i�)�; TR + Tfeed:¥6:�����¤KÏ<, A¸&	���ïî. TR + Tfeed	��Oî, ùTsys<	��qÍ, F/�YàP8 dBå
ö, ÙÍïî�«1�7å
. �8��¤���ïî:1–2 Kæó, T300</ÑS�i�)�, Ç()�¡KÏnMïå¾n00.5◦å�, 1dïå0�Tsys��EKÏOî'�ê	0.2 Kæó. F/SYàP�Mó��4 dBö, T300�TR + Tfeed�ïî�7qÍ�'.�x�/: �5)�nMÇ(�·¥6:, TM65 m�
ð4*�µ
, YàPnMïå¾08 dBå
, àdÇ(8)�·zYàPÕKÏûß)�w	�Ø�Æn�.þ4Ùú�KuâµæóËjð��<���¤���)¿
���Oî��, v-LCP�RCP�+:æóË)¿��; LCP-Lab�RCP-Lab�+:æóË��¤��;þ-�1.3 GHz�	è�à¿5rp. ïå�0: Ǒ���Ø�, $Í¹Õ·��Tcal�¿�h��, (N��, $Í��Ó�&���}�, 17 GHzå�î���5% (è�: 13

GHz�	rpá÷); Ǒ����GØ, ��Oî���', (17 GHzå
OîØ'. ÙÍOî;���°:KÏYàPö, (Ø��YàPÆ>�M, ÂÁþ5, Ù;�/1��µ¥Ñ22.3 GHz'�4�P86¿, '�®)
Gü�. Îþ1ïå�0, ()v¹�()vÒ:0◦), Î12 GHz018 GHz, '�®)Î6 K
G0��Ñ20 K, àd(Ø�ï
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4�Ç(��¤��<w	øS�ïá�.
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Fig. 4 The Tcal calibration in laboratory and field
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Fig. 5 The Y factor calibrated in the field

2.4 �5�	é:�=Ï�M)�I¯�à ù)¿'ýKÏ�qÍ, �ì	ét���Z, (KuâµÇ(3C286�3C123I�ÆAÏ�5�, (K�KaâµÇ(�DR21:!Æ�5�. Ù�!Æ�(10–36 GHz
���AÏ[8−12]ò¿Áþ6. Qâµ�Ç(
NGC 7027�3C273[13]:!Æ�, )(åAÏ<�Mðjð��<, (t*ïðÒ���ù4*âµ�æóË¥6þïÛL)¿H��uO��ûßjð)�KÏ.
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Fig. 6 Flux densities of the calibrated radio sources

3 )¿'ýKÕ
3.1 ÂK!�¾¡(KÕÇ�-, �ì��¾¡)¿�kÏ¹�, Áþ7. HÇ(AWkÏÕ(AZ

scan�EL scan)ÛL��ïîn¤, åÝÁKÏÇ�-��ïî§6(1/10â_å�;6Æ§6)¿���5�(OnSource)�O��5�(OffSource)��/jð�(Noise cal

ON), å�ö6Æï���<. (��Oî�'�Åµ�, ïåÇ(�öî���!KÏ, _ïåù��Ǒö��Ø�ò¿Ç(Ø¯ß�, 6Æù��Oîù�����MÛL�Æe�. (K�Ka�Qâµ, 1�'�íöØ��', ���öKÏ'��Æ�. wS�Kµ/Ç(Ï15 minÛL�!)¿>�ÂK. (>�Ç�-jð�/¨h�!�, (�ë�KÏØNïðÒ
�ûß)�, 6ÆùïðÒ�ûßjð)�ÛLß���, �0)v¹�Iñ<, v(��ïðÒ
H�ò¿�î.
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Fig. 7 Test record

3.2 )¿H�KÏ()¿H�KÏÇ�-, �ì	(3C286�3C123I!Æ�5�[9−11] , Ù��
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4�(Kuâµ�AÏÆ�ý(3 Jyå
; (KaâµÇ(DR21[12,14], å��AÏÆ�¾015 Jyå
. Ù��ý/�Æ�, Ò���AÏ3��ïå1!�¡�. :��0t*ïðÒ����H��uO��ûßjð)�, ��(�*ðÒMnÛL�!KÏ.þ8–11�+Ùú�
ð4*âµ�H�ǑðÒ�Ø�Åµ. ïå�ú: =¡�/�ob!�, Ku�Kaâµ)¿H�ǑðÒ�Ø�A�Æ>, Ù;�/à:;b�Í�ØbùÙ$*âµqÍ�8Æ>. þ8hÆ: (Kuâµ
, ïðÒ10◦å��85◦å
H��M:�e�25%–30%æó, ØïðÒ
v�� %Í. (Qâµ
, ïðÒ10◦å��80◦å
H��Mó�e�10%æó, Áþ11. h5Ùú�4*âµ�R��H�ò¿, åÊKÕ����DPFUåÊÝùH���sïðÒ�.
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Fig. 8 The efficiency test of Ku band @3C286, 15.6 GHz, 20 MHz bandwidth
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Fig. 9 The dual beam efficiency test of K band @DR21, 19.45 GHz, 20 MHz bandwidth
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Fig. 10 The efficiency test of Ka band @DR21, 31.1 GHz, 20 MHz bandwidth
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Fig. 11 The beam2 efficiency test of Q band @NGC7027, 43 GHz, 20 MHz bandwidthh 5 Ku�K�Ka�QâµobǑ¨ö'ý

Table 5 The performance of Ku, K, Ka and Q bands with sub-reflector model

Band
Frequency DPFU Efficiency Normalization Polynomial (ael3 + bel2 + cel + d)

/MHz /(K/Jy) maximum el/◦ a b c d

Ku 15600 0.807 0.67 50.877 −5.13 × 10−6 3.9693×10−4
−3.89840×10−4 0.6673468

K1 19450 0.671 0.56 49.266 −4.03 × 10−6 3.5360×10−4
−0.00534241 0.88706250

K2 19450 0.663 0.55 48.58 −3.38 × 10−6 2.5645×10−4
−0.00101342 0.83124121

Ka 31100 0.653 0.54 48.937 −6.35 × 10−6 2.6943×10−4 0.01925549 0.15628293

Q1 41000 0.639 0.53 48.572 −5.68 × 10−6 1.9052×10−4 0.02196677 0.13430961

Q2 43000 0.662 0.55 51.531 −1.04 × 10−5 7.4671×10−4 0.00631029 0.11507907
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4�
3.3 uO�KÏþ12–15Ùú�4*âµ�SEFDKÕÅµ, (NðÒ�, 1�ûß)��
G`;üà , SEFD�Ø'(suO��M); �(ØðÒ�, 1�H��M`;üà , �7ü��SEFDØ'. (ïðÒ:40◦–70◦���, 4*âµ�SEFD�+:38 Jy�120 Jy�
200 Jy�110 Jyæó.
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Fig. 12 The SEFD test of Ku band @3C286, 15.6 GHz, 20 MHz bandwidth
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Fig. 13 The beam2 SEFD test of K band @DR21, 19.45 GHz, 20 MHz bandwidth
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þ 14 KaâµSEFDKÕ@31.1 GHz, 20 MHz&½
Fig. 14 The SEFD test of Ka band @31.1 GHz, 20 MHz bandwidth
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Fig. 15 The beam1 SEFD test of Q band @41 GHz, 20 MHz bandwidth

3.4 ¥6:Êûßjð)�KÏþ16–19�+Ùú�4*�µ¥6:æóËjð)�åÊ�+'��ûßjð)��EKÕÓ�, v-þ18-*P�:-���, �*âµ�KÕ&½G:20 MHz, KÕ���!:15.6 GHz�19.45 GHz�31.1 GHzåÊ43 GHz. þ16hÆ: (Kuâµ12–18

GHz, ¥6:jð)�sG(8–10 K, �µ$ïeØ, :10–12 K; 16 GHzå�sGûßjð)��42 K; Î16.5 GHz�
�ËÆ>¬G, 018 GHzö¾090 Kæó, Ù;�e��'�®)���
G. þ17Ùú�Kâµ$*â_¥6:æóË�jð)��ûßjð)�Ó�. 4*�S¥6:�jðnM(20 Kæó, ûßjð:40–75 K, �'jð(22.3 GHzDÑ�4�P86¿
; æ�, (24.3 GHz�, â_1�æË	�*Æ>�jðv��&, Ù;�/1�å�S�>'hv���. þ18:Kaâµ¥6:�ûßjð)�, (30–34 GHz (ù�-�4–8 GHz)¥6:�sGjð)�:30 Kæó, ûßjð)�ú,(55–60 KK�. þ19Ùú�QâµÌâ_4*�S�¥6:�ûßjð)
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58w �&�I: TM65 m�5�Ü\Ku�K�Ka�Q�µ)¿'ýKÏ 4��, (39–47 GHz�����, ¥6:jð)�nM(30–40 KK�, ûßjð)�50–90

KK�, ûßjð)��GØ;�/1���Øï¥Ñ'�P86¿60 GHz. S6, 4*âµûßjð)��KÏÆ)�Åµ	�'��Vsû, t�)�KÕÆ�B���4)KÕ()v¹�ïýøî20 Kå
. þ20Ùú�3*âµhïðÒ
�æóËûßjð)�, Ô�ïå�0, Kuâµ(ØNïð
�ûßjð)�=î(45 Kæó, �Kaâµ�ûßjð=î¾0100 Kå
, àd���Ø, ØNïðÒ
ûßjðØ�_�',ß��0�)v¹�'��Æ�_�'.
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Fig. 16 The receiver and system noise temperature of Ku band
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Fig. 17 The receiver and system noise temperature of K band
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Fig. 18 The receiver and system noise temperatures of Ka band (abscissa is the intermediate frequency)
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Fig. 19 The dual beam receiver and system noise temperatures of Q band
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Fig. 20 The system noise temperatures of Ku, K, and Ka bands vs. elevation

4 ;Ó�,�Í¹ËÍ�TM65 m�5�Ü\
4*Ø�µ¥6ûß�'ýKÕå\, ��ËÍ��ÍqÍà Êv�	KÏ¹Õ, �ÆÙú�KÏÓ��)¿�Êò¿. KÕÇ�-obǑ¨, ;bbb¾�(�sïðÒ40◦–65◦
�:0.3 mm. KÕÓ�hÆ: Ku�
K�Ka�Qâµ(�sðÒ
�H�Gïå¾050%å
, SEFD�+:38 Jy�120 Jy�
200 Jy�110 Jyæó; SïðÒ:50◦æóö, 4*âµ()v¹�
ûßjð)��+�:40 K�60 K�90 K�80 K. Â��.
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Antenna Performance Measurements in Ku, K, Ka,

and Q Bands for the TM65 m Radio Telescope

WANG Jin-qing1,2,3 YU Lin-feng1,2 JIANG Yong-bin1,2 ZHAO Rong-bing1,2

SUN Zheng-xiong1,2 LI Bin1,2 ZHONG Wei-ye1,2 DONG Jian1,2

MICHAEL Kesteven1 XIA Bo1,2 ZUO Xiu-ting1,2 GOU Wei1,2

GUO Wen1,2 LU Xue-jiang1,2 LIU Qing-hui1,2 FAN Qing-yuan1,2

JIANG Dong-rong1,2 QIAN Zhi-han1,2

(1 Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030)
(2 Key Laboratory of Radio Astronomy, Chinese Academy of Sciences, Nanjing 210008)

(3 Shanghai Key Laboratory of Space Navigation and Positioning Techniques, Shanghai 200030)

ABSTRACT The critical performance indicators of the TM65 m radio telescope are
described. We report the antenna efficiency, sensitivity, and system noise temperature
performance measurements in Ku, K, Ka, and Q bands. The key indicators of the four
bands’ receiving systems are introduced firstly. The issues which are critical to the
measurements are discussed. These include pointing, sub-reflector model, noise diode
calibration, and the atmosphere. The current antenna efficiency, sensitivity, and system
noise temperature of the four bands are reported. The measurement results show that
50% efficiencies can be achieved in all four bands at the mid-point of the elevation
range. Currently, at higher and lower elevations, there is a significant decline in the
efficiency as a result of the main surface deformation with elevation. The sensitivities
of the four bands in the mid-elevation about 50◦ are 38 Jy, 120 Jy, 200 Jy, and 110 Jy,
respectively.

Key words atmospheric effects, telescopes, techniques: radar astronomy, cosmic back-
ground radiation, methods: observational
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