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Polyphase I/Q Network and Active Vector Modulator Based
Beam-Forming Receiver For UAV Based Airborne Network
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ABSTRACT

This paper presents a beam-forming receiver with polyphase In-phase/Quadrature-phase (I/Q) network for
airborne communication. In beam-forming receiver, the insertion loss (IL) difference between input path increases
the receiver noise figure (NF). The major element for generating IL difference is the impedance variation of
phase shifter. In order to maintain a constant IL in every phase, this paper propose a lossless polyphase 1/Q
network based beam-forming receiver. The proposed lossless polyphase I/Q network has low Q-factor and high
impedance for drive back-end VGA (Variable gain amplifier) block with low insertion loss. The 2-stage VGA
controls in-phase and quadrature-phase amplitude level for vector summation. The proposed beam-forming receiver
prototype is fabricated in TSMC 0.18um CMOS process. The prototype cover the 360° with 5.6° LSB. The

average RMS phase error and amplitude error is approximately 1.6° and 0.3dB.
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Fig. 4(c)[11] 1.7 to 4.2 25 20
Fig. 4(d)[12] 0.3 to 1.1 0.8 12-14
w, = A" = = A(p,)e™ 3.1 A2 TZF 2KE 2= 1IQ UWESHZ A
o 2‘: A6+ 26 ) ©) a7 5 (@ YukEel RC-CR 7MF 453
=" Quadrature W|E$]Zo|ch. 18 5 (b)¢} o] 713 5
. ) (@2 I, Q =l T} R-C polyphase ZE] A48 %
S U sk m oA 0 A2 RS g e el A 4 ol S e
A1 )¢} Ze] o Ful= #) 2 J=E©O)l o Fal W9E 913 R-C polyphase JEIS A-83h=
%{ﬂ":} %1'*‘] g3t H]'Q’} 71:1'01, 7 7%:‘]]/‘]‘2%9”] 7 e 1/Q U ELF2] £4]8 %-7]-%]7&1:}-[13_15]. a9
A el wlolol 2~ HQtel] we} WEky] wtel 2+ 5 (C)Q—]' Zro| L-C 22 7S E5) A (4)31]— Zro] A
S Aksiseade] Afolr) bAigkc). webA 2E 2 3} 41 9Jo] Quadrature $14F A152 AIAE 5= o))
S-S mlo]olz Zgtel] gk Al o2 wWgkshd, 4] (3)
3} o] mHFCE A 3)& T3l AlEAS Aol7} 7
A3] 29 3 WA & 5 Sk Ve \/7 1 @
Q=——"=12R=4/= andw, = ——
R c ¢ VLC
. £AI9l= Polyphase 1/Q HER3T ¥
_ 2
siE| M| 7|8 WoEY Sl L
e
, 2w, )
IF 3L Aljkshs ¥W-EH] FAN-E Vehdc g [VH] . Sttt S
,_ _ 1= Ve X
o RF ASE A 2%1% Esfsu] 250 Vol VK| L2 ©
polyphase I/Q YIESZE 538l 25 1Q ¢4 A& s @ 7
AAFI), Fh oS 2] s)uk we] Was]E 1Q N 2gvs+wg

S ALE2) %8 Aotoe, ) e Fo sk
A AsE AR B 3FeME A e
polyphase 1/Q U EH = 2 WE| Wx7]o| diste] A
w3t

A, JQ AFo] B pollA Fdslriar gt
23 5 (c)2] polyphase 1/Q U|EH =] A=
Al (5)9} #o] E=H, 0.8 < Q < 12| Q-factorell
A2 - 3dB A% o5 Z=rk A4 polyphase

(@ ®) © @

a2 5. 71EAel jQ MEYZ (a) RC-CR 90° 314 YIES)=Z, (b) tF5 R-C polyphase 1/Q YIEZ, () LC A 7wk &A1
S 1/Q YIESH A, (d) A= polyphase [/Q VIEH=

Fig. 5. The basic I/Q networks (a) RC-CR quadrature network, (b) multi R-C polyphase network, (c) LC resonance based
lossless 1/Q polyphase network, and (d) proposed polyphase 1/Q network

1569

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’16-11 Vol.41 No.11

w
o
[

N
"u

N
=]

"
o

1/Q PHASE ERROR (Deg)
w &

»
1/Q AMPLITUDE MISMATCH(dB)

0 0.2 04 0.6 0.8 1.0
c./c

0 0.2 0.4 0.6 0.8 1.0
C,/C

22l 6. Ak 1Q MEAAs) 4 2 A% o)
Fig. 6. I/Q phase error and amplitude mismatch of
proposed polyphase 1/Q network

4 RS/R increase from O to 1
3 (Step: 0.2) Rs/R=0
™
- 2
Nt
Z 1
<T
O o
<]
< -1
g
-2
>
-3
Rs/R=1
o3 1.0 3

NORMALIZED FREQUENCY (®w/®,)

a8 7. Atk FIell whE polyphase [/Q HIESH =L
A5} ol

Fig. 7. Voltage gain versus normalized frequency of
polyphase 1/Q network

1Q HlES=e] 714 AHRAR(Cr)+= In-phase2}

Quadrature-phase®] 94} A5 71417+ 89lo]
et gaexte] 7hag 98l CyYCE Eole
=7h< 1/Q VIES =] g 5] ujite] o}
& ot HEke] FES ofFA gk ueid B Qe
a7 5 (@)9F 7ol AEAY il Reg F7I81e] 2}
& Q-factor T F8l 43} AFNAE]ol ozt wIzt
=5 GEsick 21 5 ()] AL A (03 32
F3=, A (6)2] (1+Rg/R)ll <]l Q-factorE- 7t
A7 = 9le], ok bt el 5] THE ¢
53 ANl g v EE =

ol
fvics
&2

3:0
ERY

BBt

4w

2w
sS4 —Qo s— wi
* R,
2+ 0(1+—S)s+w2
Vis — V. % R ° 6)
Vo < , 2w, ) (
S — S—w,
o Q [
2w
;2 ° B PRV
s+ Q(1+R)s+%
a9 6 2 1y 72 Ak AE ARARS X
381= polyphase I/Q VIES] =] 1/Q 14+ Sabel A

gt o15<] Al EHolAd Asfolr) RyR = 04 ] 1/Q
4 227 73 =9 RyR = 19 779)ARE ¢
A 227} 2kAagir) wbHe| gt o]5-2 Hith AEkS-
Holm2 oxr} Z %8t o]5-8& 2= RyRellA 314
7FsE 91 AS 2= Ry ¥ RS AHgslgdth

LNA Polyphase I/Q Network
I Voo 1
vDD
£ : '«‘—>f TWEJ
HL T T A ﬁ i Vie
H =2R
it B o e g | BT
RF, F =
S =] i;, DT LV
V A\,
R —— S . . ?VGA Stage
OUT. DD OuT, \
‘.’_M,_LA,_Q VGA | Voo Lovcer,
—r : [OVCT.
| = "o

lover,
rovcr.

I Ibias I
Vector Modulator

12| 8. Polyphase /Q MIEH=Z 2 Wl HF7|E E3lsl= wl-2 A7)0 32w
Fig. 8. Schematic of the proposed beam-forming receiver with polyphase I/Q network and vector modulator

1570

www.dbpia.co.kr



=8 UAV 25 VEY =S 913 £4 9l Polyphase Q WIEY = 2 5% wle Wixy] 7|uk vz 52417

Q-Phase
Qmax. gain

Qnmin. gain ) I max. gain

I-Phase
Imin.gain
6bit Phase Shift
= LSB 5.6Deg
T2 10. W-29 $4l7] 1ce] A A
2| 9. sPHo|E=Es| wiEghe Eat wlE] wWzs] A Fig. 10. Die photograph of the beam-forming receiver
Fig. 9. The concept of VGA based vector modulator prototype
32 =2 9l QA 2ke BiE #zT| A o AgE & 5 Qs FA-E(push-pull) TEE A
a3 8 AlQkehs Y-En) Alegle) sade) 3 ISk SHEA RF ALSE ReS 25 polyphase
Zwoleh ARksh MEl WAr)E Eyshe g YQ MIEASE S A Quadnature 517 AlE
= = - = o =
Sk TSMC 0.18um ZAS E3)] A4 skgich = A, 1Q S Alse] =¥ 21 7HH o5
p= 3, -
Q]HE RF A5l 3% 228 7k xJahe Zxs|=2 SE7|2 }jEE )k 7 o]5F SE7]= 1Q S Al
- so] ZmETE = 510
o) FHA) olw) ARE FB) A% SHwew S0 ST IS, 23 9o el wie 3k ¥
Input Power is -40dBm All State
400 -10
— 300}
(=]
3 201 - 20
£ 100 g “ ‘A\“’”'“-\\N
(-% of < e
o N e
j:"’“ -100 % 0 TP
. 200 (with 5.6" ste
0
-300 -50

50 51 52 53 54 55 56 57 58 59 6:0 50 51 52 53 54 55 56 57 58 59 6.0
Frequency (GHz) Frequency (GHz)
(a) ®

22 11, ARk W2 18] 2445} @ 60 A S sk o) Aled
Fig. 11. Proposed beam-forming receiver measurement result (a) Phase shift with 5.6degree step, and (b) insertion loss (5 -

6GHz)
25 —_
0.5

E; 3
o i) m
2 20 /\/,/\/\A 5 o4 [
5 £ 4
= 1]
I.E 15 \/\/\/\ 7 % 03
3 10W\A nAlJ\/Af 2
© - M = 02
£ o
o £
o0 05 < o041
= (7))
@ 0 = 0

50 51 52 53 54 55 56 57 58 59 6.0 4 50 51 52 53 54 55 56 57 58 59 6.0

Frequency (GHz) Frequency (GHz)
(a) ®)

J8 12, W-EH AN SAET () S (BT 16°), (b) AF 22} (B 0.3dB)
Fig. 12. The result of the beam-forming receiver (a) RMS phase error (Avg. 1.6°), and (b) RMS amplitude error (Avg.
0.3dB)

1571

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’16-11 Vol.41 No.11

30 - 360° 942 w3t A ¢ gl olw, 1
6bit 22 Ao|=le] LSB+ 5.6° o]tk

V. WEY A8 TE Y 2

4>
oA

2 =rollA] Aljksh= <=4 $)+= polyphase 1/Q V|
Ef=z 2 HE Wiz E 3she W20 A=
CMOS 01811m FTHTSMO) = 53 T3l
SPI Alel§-& x3kg %A Chip Z7]+= 1873um x
1340pm O]dr. <=4l 9= polyphase I/Q WEH= ¥
6bitHE] E7]E 53 5 - 6GHz T3k thedellA]
0 - 360° 914E 5.6° Aoz 7pd 4 gk ad
11 (a). olw, 23 11 ()2} 7] 7P 91208 4ks)
AL A A . Akl W-x2H
A19-e] RMS  $14F eake] g2 1.6° °]a,
RMS #1% 9x}¢] Ht3k2- 0.3dBe|vh(1d 12).

Ao]

v.d B

H =5 UAV I VEYAE 93 Wl-x7] &+

A171€] 441 9= polyphase 1/Q VIEH = 2 =E] ¥
2715 A HEsigdek B 78 B8 73t
u

H-2r) FA1719] $1 2Ak= 5 ~ 6GHz iS4
A% ©31= 0.5dB o]slolr) (2

11 (b)2} 3Fo] hte] Fpolz] 2}
el whE ARIEAS A EARL BE kg o
oﬂoﬂ/q Eo)zﬂ_ t].o]_/;.x]_% oly ] o]g—]_ ‘_[5,_7]_ 04?_7]_ i)
S3l) 5 UAVE] 35 VES=E 913 T} o
qe] & 5, g T ez 5ol B
SHAIRE, dw’ﬂ AE B2 T gy o) ¥
ol W)ssg ] AAE D& 5 glcka DekEc)

\./

References

[1] H. Y. Seok and Y. H. Sang, “A study for
development of airborne relay communication
system to military tictical communication
networks,” in Proc. KICS Int. Conf. Commun.,
pp. 1544-1545, 2010.

[21 S. Kim and J. Lee, “A study on the routing
algorithm in the large scale ad hoc airborne
network,” in Proc. KICS Winter Conf., pp.
120-121, 2012.

[3] S.-H. Kim, B.-H. Jung, and D.-K. Sung,
“Adaptive beamforming antenna scheme to

1572

(4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

minimize the Interface in a unmanned aerial
vehicle (UAV) MANET,” 2009 IEEE 20th Int.
Symp. Pers., Indoor Mob. Radio Commun., pp.
813-817, Sept. 2009.

H.-S. Yeom, J.-H. Oh, and D.-Y. Sung,
“Development of an airborne telemetry relay
J. Korean Soc. for
vol. 40, no. 1,

system using aircraft,”
Aeronautical and Space Sci.,
pp- 93-100, 2012.

F. Jiang and A. L. Swindlehurst, “Optimization
of UAV heading for the ground-to-air uplink,”
J. Delected Areas in Commun., vol. 30, no. 5,
pp- 993-1005, Jun. 2012.

A. Safarian, L. Zhou, and P. Heydari, “CMOS
distributed active power combiners and
splitters for multi-antenna UWB beamforming
transceivers,” IEEE J. Solid-State Cir., vol 42,
no. 7, pp. 1481-1491, Jun. 2007.

M. Fakharzadeh, P. Mousavi, S. Safavi-Naeini,
and S. H. Jamali, “The effects of imbalanced
phase shifters loss on phased array gain,”
IEEE Ant. Wirel. Propaga. Lett.,
192-196, Mar. 2008.

A. Natarajan, S. K. Reynolds, M. D. Tsai, S.
T. Nicolson, J. H. C. Zhan, D. G. Kam, D.
Liu, Y. L. O. Huang, A. Valdes-Garcia, and
B. A. Floyd, “A fully-integrated 16-element
phased-array receiver in SiGe BiCMOS for
60-GHz communications,” IEEE J. Solid-State
Cir., vol. 46, no. 5, pp. 1059-1075, Apr. 2011.
T. Ji, H. Yoon, J. K. Abraham, and V. K.
Varada, “Ku-band

distribution network with ferroelectric phase

vol. 7, pp.

antenna array feed
shifters on silicon,” IEEE Trans. Microw.
Theory Tech., vol. 54, pp. 1131-1138, Mar.
2006.

H. Hayashi, T. Nakagawa, and K. Araki, “A
miniaturized MMIC analog phase shifter using
two quarter-wave-length transmission lines,”
IEEE Trans. Microw. Theory Tech., vol. 50,
pp. 150-154, Jan. 2002.

A. S. Nagra and R. A. York, “Distributed
analog phase shifters with low insertion loss,”
IEEE Trans. Microw. Theory Tech., vol. 47,
pp. 1705-1711, 1999.

www.dbpia.co.kr



=1 UAV 3% MEZE 918k &4 9l Polyphase JQ WIES 2 2 5% wE wixr] 7\ wl-zw] 5417

[12] L. H. Lu and Y. T. Liao, “A 4-GHz phase
shifter MMIC in 0.18-um CMOS,” IEEE
Microw. Compon. Lett., vol. 15, pp. 694-696,
Oct. 2005.

[13] M. A. F. Borremans, C. R. C. De Ranter, and
M. S. I. Steyaert, “A CMOS dual-channel,
100-MHz to 1.1-GHz transmitter for cable
applications,” IEEE J. Solid-State Cir., vol.
34, no. 12, pp. 1904-1913, Dec. 1999.

[14] F. Behbahani, Y. Kishigami, J. Leete, and A.
A. Abidi, “CMOS mixers and polyphase
filters for large image rejection,” IEEE J.
Solid-State Cir., vol. 36, no. 6, pp. 873-887,
Jun. 2001.

[15] K.-J. Koh, M.-Y. Park, C.-S. Kim, and H.-K.
Yu, “Subharmonically pumped CMOs WCDMA
direct-conversion transceiver,” IEEE J. Solid-
State Cir., vol. 39, no. 6, pp. 871-884, Jun.
2004.

A @ M (Won-jae Jung)

20109 99 : =wldista Zix}
P 9]

2012 99 : =uslw ==}
sty Al

20124 9d~&A) : Sl Etw
HokambE A7 |RPEAlEt}
pREE

<3 H-ok> Wireless power harvesting, Analog IC,
RFIC, Sensors

£ Y E (Nam-pyo Hong)

20079 29 : Fdista Az}
H7]EE =4

20091 29 : Fofistal A=}
HA7]gE AAL

2015 24 : Fofuista #A}
A7]gsHE At

20159 34~&A] - e
Hokavnle A7xlex} shul 3w

<FAlEol> CMOS IC Design, Signal detection

for optical bio sensor

& & 2 (Jong-eun Jang)

1996 : UCLA ZAl3sl) =

199991 : UCLA Ax}z2sla} A}

20053~2009 : (F)FrAEl=
HeA] At

2009 d~&A : ()l HE7FA
];H Y

<A ok Analog IC, RFIC,
Sensor, =A7]

o K

y

A & & (Hyung-il Chae)
20044 : Agdistk A7 )astat

=0]
=2 H

- 2009 : Univ. of Michigan

s A71get A

20133 : Univ. of Michigan
715t i)

20133~2015% : Qualcomm
Senior Engineer

2015%3~&A : =mlch el 2w

<FA]Eok> Analog IC, RFIC

"t = M (Jun-seok Park)
19919 - =Rkl Adzp g3t

¥ 24
=% 1993+ : SwIthstal Aap ¥}
=Y - AAL
7 1996\ : srlvh ek Aly-ahy-
d'h

19983~20031d =& skar A
R g

2003 d~&A . Rl g

<A Rol> IT §3H7]%, Mobile RFIC, F-A141%

A<
ks

1573

www.dbpia.co.kr



	UAV 공중 네트워크를 위한 손실 없는 Polyphase I/Q 네트워크 및 능동 벡터 변조기 기반 빔-포밍 수신기
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. 이상기 진폭 오차가 빔-포밍에 미치는 영향
	Ⅲ. 손실없는 Polyphase I/Q 네트워크 및 벡터 변조기 기반 빔-포밍 수신부
	Ⅳ. 빔-포밍 수신부 구현 및 검증
	Ⅴ. 결론
	References


