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Abstract : A 111～112 GHz CMOS high phase accuracy ,low amplitude mismatch quadrature LO driver is p resented ,

which consist s of a high f requency amplifier ,an integrated poly phase filter ,and an I/ Q phase and magnitude calibra2
tion circuit ( PMCC) . The proposed PMCC uses a feed2forward calibration technique. It improves the phase accuracy

and reduces the amplitude mismatch with low power consumption. Simulation result s show that phase error with

PMCC is reduced to about one half and the amplitude mismatch is reduced to about one tenth ,when compared to the

LO driver without PMCC. Moreover ,the calibration circuit also functions as a buffer to drive mixers ,thus no addi2
tional buffer is needed in this design. The LO driver is implemented in a TSMC 0125μm CMOS process. Experimen2
tal result s show that the LO driver achieves high quadrature accuracy ( < 2°) and low amplitude mismatch ( <

011 %) . It has about 5125dB gain and dissipates 6mA from the 215V power supply. The size of the die area is only

110mm ×110mm.
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1 　Introduction

Many modern t ransceivers , such as those

based on low2IF or zero2IF architecture , require an

in2p hase and quadrat ure ( I/ Q) LO signal for image

rejection[1 ] . In these t ransceiver systems , a major

challenge is t he generation of high quadrat ure accu2
racy and low amplitude mismatch I/ Q LO signals.

The I/ Q p hase and amplit ude error directly effect

t he performance of the image cancellation and neg2
ative f requency rejection of t he demodulation.

Thus ,to t he circuit designers ,t here is an unprece2

dented interest to st udy t he generation and calibra2
tion techniques of quadrat ure LO signals.

At p resent ,t here are t hree pop ular met hods to

generate quadrat ure signals[ 2～5 ] : combination of a

VCO and a poly p hase2filter ,a VCO at double f re2
quency followed by a divide2by22 master2slave flip2
flop ,and t he use of a quadrature VCO. The second

met hod needs a VCO designed at double f requency

and t he t hird method offers bad p hase accuracy ;

t herefore ,in t his design ,the first met hod is adopt2
ed. However ,it is well known t hat this met hod is

subjected to t he component mismatch and parasitic

effect . In order to improve p hase accuracy , several
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digital met hods for compensating t he I/ Q imbal2
ance using base2band DSP techniques have been

demonst rated[ 6 ] . An analog approach is desirable

because it s power dissipation is lower t han t hat of

t he digital met hods[7 ] .

In t his paper ,a f ully integrated quadrat ure LO

driver is p resented with high p hase accuracy and

low amplit ude mismatch. In order to improve the

p hase accuracy of quadrat ure LO signals , an I/ Q

p hase and magnit ude calibration circuit ( PMCC) is

p roposed. In cont rast to t he t raditional feedback

calibration met hods[6 ,7 ] ,PMCC uses a feed2forward

p hase and amplit ude calibration techniques. In a

t raditional feedback calibration mechanism , high

accuracy quadrature LO signals can be achieved ,

but t here are two unsolved problems t hat degrade

t ransceiver performances : system rate has to slow

down for t he large feedback circuit circle ,and the

t ransceiver will suffer f rom instability issues. Mo2
reover ,due to t he D/ A and DSP in feedback cali2
bration systems , more power has to dissipate in

feedback calibration circuit s. In our p roposed PM2
CC , due to t he feed2forward technique used , the

feedback technique problems will not show and low

power can be achieved.

2 　Circuit description and analysis

The architect ure of t he quadrat ure LO driver

is shown in Fig. 1. Firstly ,t he differential LO sig2
nals V IN + and V IN - are amplified by t he high

f requency amplifier ,which is followed by the sec2
ond2order poly p hase network to produce quadra2
t ure signals (V I + ,VQ + ,V I - ,VQ - ) . The quad2
rat ure signals are sent to t he p ropo sed PMCC to

improve p hase accuracy and reduce amplit ude mis2
match of t he adjacent branches. They make the

outp ut LO signals ( VO1 , VO2 , VO3 , and VO4 )

show the bet ter quadrat ure accuracy and low am2
plit ude mismatch.

211 　High frequency amplif ier

Figure 2 shows the schematic diagram of the

high f requency amplifier . MA1 and MA2 are the

Fig. 1 　Architecture of quadrature LO driver

differential pairs to amplify t he inp ut signals ( t he

amplit ude is - 3dBm) . L1 and L2 are t he spiral in2
ductors t hat resonate wit h parasitic capacitance at

1115 GHz. MB1～MB4 combine t he outp ut buffer

to drive the first stage of t he poly p hase filter . Sim2
ulation result s show t hat t he high f requency ampli2
fier has a gain of about 15dB loaded wit h t he poly

p hase network.

Fig. 2 　Schematic of high frequency amplifier

212 　Second2order poly phase network

Figure 3 is the circuit to generate balanced

quadrat ure signals f rom differential inp ut signals.

In a poly p hase network , in order to lower total

lo ss , t he impedance of each successive stage is

made lager so t hat it lightly loads t he previous

stage[3 ] . Therefore , in t his design , t he high pole

(112 GHz) consisting of R11 ～ R14 and C11 ～ C14 is

placed in the first stage , and t he low pole

(111 GHz) ,consisting of R21 ～ R24 and C21 ～ C24 ,is

placed in t he second stage. Simulation shows t he

cascaded loss is about 815dB. The poly p hase net2
work is ext remely sensitive to variations in compo2
nent values ; component mismatch will induce I/ Q

p hase error in t he poly p hase network[3 ,7 ] . Thus
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p hase calibration is necessary wit h the outp ut s of

t he poly p hase network.

Fig. 3 　Schematic of second2order poly phase network

213 　Proposed I/ Q phase and magnitude cal ibration

circuit

　　Figure 4 shows t he core schematic diagram of

t he proposed PMCC. The same size t ransistors ,

M1 ,M3 ,M5 ,and M7 act as source followers wit h

unit gain. M2 , M4 , M6 , and M8 act as common2
source amplifiers wit h t he same size and render the

gainβ= - gm2 / gm1 ( gm1 = gm3 = gm5 = gm7 , gm2 =

gm4 = gm6 = gm8 ) . According to t he superposition

principle ,VO1 = V IN - β·V IP and VO2 = V IP -

β·V IN.

The differential branches V IP and V IN (or

VQ P and VQN) produced by t he poly p hase net2
work should be differential t heoretically , but t heir

p hase difference may not be 180°due to component

mismatch. Assuming V IN = ( A +ΔA ) sin (ωt +φ)

and V IP = A sin (ωt +π) , where ΔA and φ denote

amplit ude mismatch and p hase error , respectively ,

t hen VO1 and VO2 can be writ ten as

VO1 = ( A +ΔA) sin (ωt +φ) +βA sin (ωt)

VO2 = A sin (ωt +π) +β( A +ΔA) sin (ωt +φ+π)

(1)

Fig. 4 　Core schematic of phase and amplitude calibra2
tion circuit

　　Expanding and simplifying the two equations ,

VO1 and VO2 can be writ ten as

VO1 = (βA + A +ΔA) cos (φ/ 2) sin (ωt +φ/ 2) + 　　

( A +ΔA - βA ) sin (φ/ 2) cos (ωt +φ/ 2)

VO2 = (βA + A +βΔA) cos (φ/ 2) sin (ωt +φ/ 2 +π) +

(βA +βΔA - A) sin (φ/ 2) cos (ωt +φ/ 2 +π)

(2)

　　Ifβ= 1 andΔA = 0 ,VO1 and VO2 can be sim2
plified to 2 Aco s (φ/ 2) sin (ωt +φ/ 2) and 2 Acos (φ/

2) sin (ωt +φ/ 2 +π) ,respectively. Generally ,φ≤6°,

so cos (φ/ 2) ≈1. In t his case ,t he p hase error is re2
duced to one half and amplit ude is doubled.

The amplit ude difference in differential bran2
ches is analyzed as follows : the amplit ude of VO1

and VO2 can be writ ten as

| VO1| = (βA ) 2 + ( A +ΔA) 2 + 2βA ( A +ΔA) cosφ

| VO2| = (β( A +ΔA) ) 2 + A2 + 2βA ( A +ΔA) cosφ

(3)

　　Defining ¨ = (| VO1| - | VO2| ) / | VO2| , ¨
denoting t he relative amplit ude difference wit h cal2
ibration by PMCC , ¨ can be writ ten as

¨ =
β2 + (1 +

ΔA
A

) 2 + 2β(1 +
ΔA

A
) cosφ - (β(1 +

ΔA
A

) ) 2 + 1 + 2β(1 +
ΔA

A
) cosφ

(β(1 +
ΔA

A
) ) 2 + 1 + 2β(1 +

ΔA
A

) cosφ
(4)
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　　Figure 5 shows t he simulation result s of ¨
when φ= 5°. It shows t hat t he relative amplit ude

difference ¨ is much lower t han t he original rela2

tive amplit ude difference
ΔA

A
. When gainβincrea2

ses , ¨ will increase. In t his design ,t he parameters

of PMCC are regulated to control the gain of the com2
mon2source amplifier within the range 1 ≤β≤2.

Fig. 5 　Simulated relative amplitude difference ¨ with

φ= 5°

Defining t he additional p hase error as <, ac2
cording to t he exp ressions of VO1 and VO2 , < can

be writ ten as

<= tan - 1 (
(β+ 1 +

ΔA
A

) cos (φ/ 2)

β2 + (1 +
ΔA

A
) 2 +2β(1 +

ΔA
A

) cosφ
) -

tan - 1 (
(β+ 1 +β

ΔA
A

) cos (φ/ 2)

(β(1 +
ΔA

A
) ) 2 +1 +2β(1 +

ΔA
A

) cosφ
) (5)

Figure 6 shows t he simulation result s of <wit hφ=

5°. It shows t hat the additional p hase error can be

negligible.

From t he above analysis and simulation , the

following conclusions for t he PMCC can be drawn.

(1 ) The amplit ude mismatch of differential

branches is about one tenth of t he original value ;

(2) The p hase error is about half of t he origi2
nal value ;

(3) The induced p hase error f rom PMCC is

very small . In t he expression of <,if
ΔA

A
= 5 % ,φ=

5°andβ= 2 ,additional p hase error <≈0 ;if ΔA = 0 ,

p hase difference is absolutely 180°between the dif2
ferential branches ;

(4) In t he four branches ,if any of t he adjacent

branch pairs are quadrature af ter PMCC , t hen all

adjacent branches will be quadrat ure t hrough t he

PMCC.

Fig. 6 　Simulated additional phase error < withφ= 5°

3 　Results

A worst case simulation is performed to verify

t his design. In the worst case analysis ,let t he com2
ponent value increase 5 % in one of symmet ric

branches ( R11 , C14 , R21 and C24 of Fig. 3) and in t he

ot hers ( R12 , C12 , R22 and C22 of Fig. 3) decrease 5 %

(t he component values of ot her symmet ric bran2
ches change t he same as above) . Figures 7 and 8

show t he amplit ude mismatch and p hase error

curves ,respectively. As can be seen , with PMCC ,

t he maximum amplitude difference decrease f rom

01217 to 010219dB and t he maximum p hase error

decreases f rom 6126°to 216°.

This design has been implemented in a TSMC

0125μm CMOS process. The die photograph is shown

in Fig. 9. The chip area is about 1mm ×1mm. Figure 10

shows the measured gain curves using Agilent 8753ES

network analyzers. The measured maximum gain is a2
bout 5125dB at 111267 GHz. The measured two adja2
cent branches output signals are shown in Fig. 11. An

overview of the measured circuit performance is sum2
marized in Table 1.
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Fig. 7 　Simulated amplitude difference without (a) and

with PMCC (b) by Spect ra RF

Fig. 8 　Simulated phase error without ( a ) and with

PMCC (b) with by Spect ra RF

Fig. 9 　Die photograph of LO Driver

Fig. 10 　Measured gain curves

Fig. 11 　Measured output signals in two adjacent bran2
ches

Table 1 　Measured circuit performances

Power supply 2. 5V

Frequency range 1. 1～1. 2 GHz

Power consumption 15mW

Power gain 5. 25dB @1. 126 GHz

Phase error < 2°
Amplitude error < 01 1 %

Chip size 1mm ×1mm

Technology 01 25μm CMOS
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4 　Conclusion

In t his paper ,a feed2forward p hase and ampli2
t ude calibration technique is p roposed , wit h a cir2
cuit implemented and tested. The circuit is used to

calibrate t he p hase error and the amplit ude mis2
match of t he inp ut signals wit hout degrading the

system stability and system rate. It has been used

in t he quadrature LO driver to achieve a higher

p hase accuracy and lower amplit ude mismatch. The

simulation and measurement result s show t hat the

p roposed PMCC could reduce t he p hase error and

t he amplit ude mismatch of adjacent branches. In

addition ,t he outp ut buffer has been left out for the

st rong load capability of t he PMCC. This design

has been used in a DAB receiver . The lower power

characteristics of t his design open p rosperous per2
spectives towards t he integration of t his circuit in

low power RF t ransceiver systems.
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一种相位准确度高幅值失配度低的正交 LO 驱动电路 3
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摘要 : 提出了一种工作在 111～112 GHz 的相位准确度高、幅值失配度低的正交 LO 驱动电路. 它主要由高频放大

器、二阶的无源多项滤波器、相位和幅度校准电路 ( PMCC)组成. PMCC 是一种利用前馈技术实现的低功耗电路 ,大

大提高了正交信号的正交性 ,降低了相邻支路信号的幅值误差. 仿真结果表明 ,经过 PMCC 校准后 ,输出正交信号

的相位误差可以降低大约一半 ,而幅度误差可以降低到原来的十分之一. PMCC 可直接驱动混频器 ,无需额外的驱

动电路. 本设计已经用 TSMC 0125μm CMOS 工艺实现并进行了验证. 测试结果表明本文提出的校准电路能够获

得高正交性 ( < 2°)和低幅值误差 ( < 011 %)的正交信号 ,测试的最大功率增益为 5125dB ,在 215V 的电源电压下 ,消

耗的电流约为 6mA ,芯片面积为 110mm ×110mm.

关键词 : CMOS ; 正交 ; 多项滤波器 ; 相位校准 ; 幅度校准
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