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Abstract In order to ensure quantum science experiments can be developed smoothly, a high data

rate two-way link for Space-Ground microwave communication must be established. By following

the study on Consultative Committee for Space Data Systems (CCSDS) and taking into account

the scientific requirements of microwave communication link for quantum science experiment satel-

lite, the physical layer hardware architecture and modulation/demodulation algorithm of microwave

communication link for the satellite are presented. The uplink modulation type of the microwave

communication link is SRRC-OQPSK, which is accordance with CCSDS spectrum standard. The

specification of uplink data rate is 1.024Mbit·s−1. The downlink modulation type of the microwave
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communication link is SRRC-OQPSK/GMSK, and the data rate is 4Mbit·s−1. By compatible tests

with several ground stations, it is found that the sensitivity of carrier acquisition is superior to

−100dBm, and AGC (Automatic Gain Control) ability is greater than 43dB. Moreover, the bit er-

ror rate of actual transmission is superior to 1×10−9 as the received signal level is equal to −96dBm.

The in-orbit verification indicates that the physical layer design scheme of microwave communication

link meets the requirements of space quantum science experiments.

Key words Satellite communication, High data rate uplink, SRRC-OQPSK, GMSK
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���!�"�#���Æ�����!�"
�#$%&��� ��, ���'!�����
("���Æ �, �#���)� �$!, �"
����Æ�"�"�� *!$%* [1]. '�
%��#!&+ ��#�, �#"',��$-
(�!+.%!&+.��"�), ��*#"�
� kbit·s−1 Æ . #!$+�&%�&�&��$
'*�"&+�/$,0"!$&��"�)���
�(�&+�"�#�!($,%$','*!+�
"�)&.

���!�"�#����Æ�%$-(�!
$�����'*�"&+*�-, +($'*!
+�"�',&)#-&!&+�" �'�()
'!&+�"�$(�)*+)&. ���Æ�!
&+ ��.*'!�" �'� ,,- CCS-

DS ,! [2], +!&+,# S -.. !+Æ.�
"*# 1.024Mbps, SRRC-OQPSK #�/� (/
-0�# 0.5), 1'#12 10−9, !+Æ.('0
2 RS(255, 223), 3."; &+Æ.*# 4Mbit·s−1,

SRRC-OQPSK #�/� (/-0�# 0.5), GMSK

#�/� (//)�0# 0.5),&+Æ.(' RS(255,

223), *Æ.". )0",)#$2 36 dBm (4W),

EVM 12 10%.

141+,���!5"�#���Æ�%)

(-�.*'�#,22��, -3�14, #�&
)#62&35�7&/+.

1�./0617

1.1 4#$%56&'
���Æ���-3344-5281, 9 S

-.���Æ3&6�7:/8*95 ((62
2 ADC ! FPGA) $-'8��#, �9:/Æ3
!6�7 S -..

���!5"�#���Æ�34 �7',
)/14��#, 54(61*, 1*�*�)09
):7',�&6�2! ��!6�2. ��-
3)/143; 1 <=. ; 1 � LNA #:+4(
$2, BPF1 #',/�5-2, BPF2 #��5-
2, AGC #,8-8%�($2, LO #1*, LPF

# DAC )0�;�9�:�5-2, AMP # �
��($2, BPF3 # ��#/�5-2, PA #
)(. ��/<>�-3;<9=2. :/8*95
�(6:6� FPGA (Field-Programmable Gate Ar-

ray). TCXO ;<?:=>>/*?2, '; 1 ��
)0.'?'7 DAC, �@@���A� FPGA 7
A�Æ�;)07 DAC �.

#B8 �Æ3%',Æ3�;9, '; 1<=
�41�, 1*)07 �B�2�9=2, :7,
, 9=��4.

@ 1 ��;C/A	D
Fig. 1 RF module architecture
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1.2 071289:;<3
<", 5<1*��#6$,1*�#!, 

���=4/6EÆ3&0B.

(1) −40dBc ;�9� �5-2, 5/F=�
>�# � 40MHz.

(2) DAC 25�C?# � 400Msps (Mega sam-

ples per symbol).

(3):/8*95 (FPGA)�$8*)0*# �
150MHz.

(4) ',= ADC �-<// � 475MHz.

(5) ',= ADC �3@# � 100Msps.

<"-!�#6$, =4CEA�#!, �
��#+C�, 1*�# 22xxMHz, ',���
# 134MHz, ��5-2 3 dB // 7MHz, >*C
EA�# 64MHz, ADC3@�# 64MHz,  ���
C?# 144MHz, �>�# 47MHz.

',��5-2 3 dB //# 7MHz, B$2Æ
3// (!+Æ3:/*# 1.024Mbit·s−1, −30dBc

Æ3//# 768 kHz),0"!+Æ3!$�//+4
99)G= ADC, >C��6Æ38*(�%/-
+4�5-.

��?75�-8+C�, ;=0%�#>5,

��-38/�+40�!?H.##68@3

; 2 <=. A9#6D7�0%8/*&C�#: 0
%+40� � 2 dB, SNR � 7.5dB, ?H.#$D
# −38 dBm, SFDR # 17.8 dB.

�5<4Æ3#9&-),��Æ3A�5-2
! AGC, )07��8*E�@��A3; 3 <=.

��%��Æ3 C/N0 ��5, "�,D-A9>5
#68@.

2�F:EB

OQPSK Æ3#�E*7 QPSK Æ3#�E*
:1F9, G(B �' Q ;�!-I,(6G6
'6<C�F)@�, ��7E*3; 4 <=.

�G5-23@34!$� FIR 5-2��
7H2, /6H4!3@81, �IC$��H22
+ FPGA 67=A. %2.'H2� FIR 5-2,

DD(";��H22IC+21;� FIR 5-2
�H�. '1���Æ��#�9 I/Q ;�E6,
3FI)*:J, 7!3@�)>(:, �#J?<
�&,, J?JI)*:J�E,3-H�". #�
62��73; 5 <=.

���!�#��GK@34 GMSK�#&+
��#�/���#. GMSK� CCSDSJL�&+

@ 2 KLAEK�
FMN���
Fig. 2 Noise figure and 3rd order intermodulation
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#�/��(, ($H2G&M,K!)(-&O
*�A/-+NL. GMSK E*�'%&-G+#
�@, 4#� �# 0.5 �'OIPK,5-2%
MSK �QH�#HIG+5-�. ��78134
7 SRRC-OQPSKÆ3E,3J?<RP�14. &

@ 3 �ÆB���
AE��
Fig. 3 Intermediate frequency signal and

noise spectrum

+#�Æ3�CD8@3; 6 !; 7 <=. M; 6

!; 7 $S, *EÆ3��AN/"�9#&-�,

FO%$�G� QPSK Æ3, $KO�/-*#.

3�TFEB

3.1 FG=H<3IJ;KL
)#62��#U4, Matlab � Simulink *

(, %P981!C��62-3�� Simulink *
(A9�*&, (/IQ#: QI"�IL62�*
&, J>RMA"IQ, (�R*SL4�#, CD
"�SL62*&. A�"��SL62, �K6-
3"$F,� FPGA -3V IP J%,. K62R
*LLM�# VHDL ;'>, �*&!A98@�
(LF9�.

3.2 $N�#O8>#?
��-3)07��8*95Æ3�>��#

# 134MHz, # ADC �3@�## 64MHz. RM/
�3@E*, A� ADC 3@D7��6���>�
## 6MHz (134MHz−64MHz×2 = 6MHz). A9
D7��6��Æ3�A3; 8 <=. N; 8 $S,

@ 4 SRRC-OQPSK ��O�
Fig. 4 SRRC-OQPSK modulation principle

@ 5 SRRC-OQPSK ���S�	
Fig. 5 SRRC-OQPSK modulaton architecture
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@ 6 MN�T� SRRC-OQPSK ����W�P
Fig. 6 Constellation and power amplifier spectrum of SRRC-OQPSK signal

@ 7 MN�T� GMSK ����W�P
Fig. 7 Constellation and power amplifier spectrum of GMSK signal

/�3@UQ'M�8�+4 N,BV. Æ3V
I+4�O:P$DQ#4� ADC �Q, 0"�6
���+4N/ NTO.

3.3 =HR'S&
��Æ38*62�143; 9 <=. ; 9 C

!P(Q�',A��62,RMMTUP�UQR
WV+, &P�#�62. ',! �62"$R;
WVC�!���WVX�-3G+.R.

'',A�,MM,!+Æ3XY-2!-:=
AIC*6Z:0 , SI�T[�!SX-3. 0
", W9Y32'$K$�T�WV&*�, ZSY
2&-9Y�>. XJ&-SX!W9Y�\-H
2$-D7TU�1'#%@, �$$&']=W
V&$�-IV�=Y�)�. 0"��#�Æ�
�!+',34I&-9Y;W9Y�14, �W�
T+.
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<"��-3�#!#68@,��5-2>�
Æ+O'C:@")="5& � 7.5 dB, -< AGC

$-$%%�)=Æ3�)#. �58@<U, ')
=��Æ3 40 dB8VXZ!L?:XZ7,��Æ
3�8V# 2 dB. %�8@HD��Æ3�8V%
XYSX*&UKP$. 0"'��Æ38*�V
W�6 AGC.

3.4 @AB�OZ[
���!�#�Y.#^�VY.,=_!0_

@ 8 ZÆ�\B���
Fig. 8 Digital intermediate freqency simulation

)P� [NW ±50 kHz�EX`�X.#a4��
#�Æ�XY2[EX`�X!+Æ3��#, #�
�WS,7�#"',��RP�9&-Y�![
X-2. �Y�Æ3�N*3; 10 <=.

�P]70Y�Æ3��TVI'EX`�T
!�>, 9[NF%2',��>�# (−115 ∼
+115kHz) ��T. \�P]��&+.�V&+
��[�7��#�Æ�70YS =$%Æ3),

+\7�>�#. "), !+Æ3��T9�2[E
X`�T.

��#�Æ�34\]]WJ�7%2[EX
`�Y�Æ3�XY. K]W$-Z]#, ^YS)
_O&-SXYFV�*?�#' ±6 kHz 7, ^6
XZ�!+2[EX`�Y�Æ3K6Y�<C"
$-^_�. \���Æ�YS!+>, )%_O.

K]W%,�YFV///[_XY ±32kHz·s−1

Y�Æ3�6$, 9)/6'BD2 0.3 s (12 kHz/

(32 kHz·s−1) ≈ 0.3 s) �)�7, YS =6�$%.

K]WB8,3Æ3)=),&-SXV\XUQ�
I$Y�XZ#32YS+]b� N. "-, �7
K]W�/&-SXV5-2�0�;�-I(6
$%_O2, =AIC`!D.

@ 9 B���^�_c���	D
Fig. 9 Digital singal process architecture

@ 10 ��`����^�`Y
Fig. 10 Uplink signal frequency scan characteristic
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@ 11 ��a`b�	
Fig. 11 Carrier track loop architecture

3.5 CabD
&-SXV34Aa� Costas V81, 3

; 11 <=. 'H_�5-29c4$� FPGA �
DSP! Slice =A. 14��*E02$O:-:,
_�5-2�=Ac4. (��� CIC 5-29E
a 64MHz �3@#&-:7 4MHz, c��U4A
� (ddA��&�, c" SRRC _�5-2)&�
� 99%) SRRC _�5-2b:, 9 SRRC 5-2
�H�-:7 21. SPAN # 6 )� SRRC _�5-
2-&1�#34� SPAN # 2.8 )�ddB�3
; 12 <=.

�/FTÆ3# (I + jQ)ejθ, �� I/Q #:/
,3, θ #FT, I = Q ≈ ±1.

KeÆ3��<c2#

(I + jQ)ejθ =(I cos θ −Q sin θ)+

j(I sin θ +Q cos θ) = I ′ + jQ′. (1)

��,

I ′ = I cos θ −Q sin θ,

Q′ = I sin θ +Q cos θ.

^e I ′, Q′ # Costas V*d�Æ3, fF2�H2
#

(Q′2 − I ′2)(I ′Q′) = (2IQ sin 2θ)(IQ cos 2θ) =

sin 4θ ≈ 4θ. (2)

M2 (2) $d, A�fF2> I/Q ,3I`, D7f

@ 12 SRRC abc�d
Fig. 12 SRRC match filter

F15.

YS[�2�<c2# [4]

(Q′2−I ′2 + 2I ′Q′)(Q′2 − I ′2 − 2I ′Q′) =

− 4 cos 4θ. (3)

YS[�2Z$<c#/FT���Æ3 4 W0>
��A. \FTe^2 0 +YS), OQPSKÆ3D
[#eL� 4W0,W2eg���f!. K�A�
h%gW94�YSf_. M2 (3) $d, K[�2
$-M,#�Æ3,Z$-M,9&-Æ3�YS[
�. 0#YS[�!fF"�'W9Y�@, <-$
��3@L��^P I = Q ≈ ±1.
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YS[�2!fF2"$$��,+4, /6A�5
-8*e&42YF!gi. &-SXYFV�V
�//EÆ,[_Y�*#&V�bS*+Wc"
5. CD�#V�//# 600Hz.

3.6 EFh
W9Y7&-9Y(@,34,YFVH2�f

j81, 3; 13 <=. �:181RP2 Gardner

H2�W9Y-3, (\M,*�]g3&: 0#W
9Y)�3@#OK', W 7.8 sps (samples per sym-

bol), <-SI,fg5-2; S)15[� (TED)

-334, ZE-TED H2, ^�0#^A�&-9
Y, 3/ Gardner-TED �_iP6*; ZE-TED H
22��73 DSP 95, -:,=AIC; TED -
3�[�,(6;��S)15,S))0�8@9
))07 I/Q ;�H4.

3.7 GFhjFH
��#�Æ��!+�)k34,- CCSDS

,!� 32 bit k> [5], k9Y�##EÆ 1 bit �
k>(g, 1 k�YS h! 0 k�`Y h. )9
-334,- CCSDS ,!�de�E`2 h(x) =

x8 + x7 + x5 + x3 + 1. KE`2K 255bit aV.

3.8 Il
'%$ RS L'kg�]b&,A�SL4>�

A9*&!��*&3; 14 <=.

M; 14 $S, ��#�Æ��A9)#fC
W 0.2∼0.3dB, ��)#fCW 1.2∼1.5dB. A97
�����5b(6�0#A9�%$EÆFW+
4&3@h8&($2`g*UQ�?H.#+0
B. ^\0BOKi�-, +h�-Zi- S-G
C�, <$*Q�l�, ��*&&-P4� 2 dB,

(i�$-'8�.

@ 13 hijb�	
Fig. 13 Timing recovery loop architecture

4�m/cikmdn

��Æ38*35�&/# Xilinx jj� FP-

GA, G3# XQR2V3000-4CG717V, (0%)>�
# 64MHz, J>@e 1.5V, I/O @e 3.3V. M,
g�kM!9o�%,�lj#?-kf!�_n
I&�#. A�A�?-kf, FPGA � slices c
4## 87%, �f=A�c4#D2 80%. 0%
)>�## 64MHz, 'Cl]b&C$)>�#
# 85.070MHz, [_)> 80% �-m6$.

5�mkgopn

%�P-< :pY7h��#&',�@*
5@�G+�@%'�5.��%',Æ3@"G+
�5,  7&-XYlm:12 −100dBm, �")
#lm:12 −98 dBm, AGC &q$2 43 dB, [_
rl ,6$. ��% �1']bG+�5,  7
' −96 dBm',Æ3@""5&, nC 3.5 h�)$
2 1010 bit ��"�31', <U�@�)1'#1
2 1×10−9. ��8@<U'*!+ ��#0o[
_���!�"Dm6$.

6�pn

1�,���!5"�#���Æ�%)(-
�.*'�#, 22��, -3�14, #�&)

@ 14 �
������	on
Fig. 14 BER curve of the RF quantum communcation

uplink receiver
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#62!35�7&/.

��-334 �7',)/14��#,54
(61*,1*�*�)09):7',�&6�2
! ��!6�2.

#�6234,- CCSDS rl$X� SRRC-

OQPSK/GMSK '%#�rl. OQPSK Æ3#�
E*�' QPSK Æ3#�� Q ;�!-I(6G
6'6<C�F)@�, ��781347 SRRC-

OQPSKÆ3E,3J?<RP�14, FO2%$
�G� QPSK Æ3, $KO�/-*#.

��Æ38*35=4 FPGA, M,g�kM
!9o�%,�lj#?-kf!�_nI&�#.

A�A�?-kf, FPGA � slices c4## 87%,

�f=A�c4#D2 80%.

q!<], 1434,- CCSDS rl$X
� SRRC-OQPSK/GMSK '%#�rl&RS(255,

223) Æ.('02& AOS WIim�)jk, 7
0,(E�)*## 1024kbit·s−1&Æ.1'#1
2 1×10−9 �'*!+ �! 4Mbit·s−1 �&+ 
�. K0o[_���!�#�!�"Dm6$, #

�G'*!+�"�) ��*Q�7pS,:q.

���!5"�#^2 2016 p 8 l�) �,

A� 4 6l�'Y5""�, 2 2017 p 1 l�2.
o4p9WH4.�#���Æ�''Y5""�C
�T+qU, ��,!�(/4 ��5.
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