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Abstract : A n aut omatic IQ p hase calibration met hod implemented in a 214G Hz direct conversion receiver is p ro2
p osed. It uses a delay locked loop (DLL ) wit h a p rop osed quadrature p hase detect or t o greatly reduce t he p hase er2
ror . The receiver is f abricated in a 0118μm CMOS p rocess . Measurements show t hat t he IQ p hase er ror can be cali2
brated wit hin 1°,w hich satisf ies t he system requirement .
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1 　Introduction

Direct conversion t ransceivers have become in2
creasingly pop ular in recent years for their high in2
tegration ability. Direct conversion is t he nat ural
approach to t ranslate a signal band f rom RF to
baseband or f rom baseband to RF. The image prob2
lems in superheterodyne and low intermediate f re2
quency ( IF) conversion architect ures are circum2
vented because t he IF is zero . The L NA does not
need to drive a 50Ω load because no image rejection
filter is required[1 ] . All of these advantages make
direct conversion t ransceivers easy to integrate on a
chip wit h less power and area consumption.

However , t here are still some drawbacks to
t he direct conversion architect ure , such as IQ mis2
match. IQ mismatch is mostly caused by imbalance
between I and Q local oscillator (LO) signals. In
heterodyne t ransceivers ,t he LO signals for IQ gen2
eration or summation are IF signals. The IQ imbal2
ance can be made negligible. However ,t he LO sig2
nals in direct conversion t ransceivers are RF sig2
nals. Owing to t he limitations of LO generation cir2
cuit s and parasitics , t he IQ performance cannot be
very good ,resulting in a reduced signal2to2noise ra2
tio ( SNR) and hence performance degradation[2 ] .
In complex modulation schemes ,such as 642QAM ,

an IQ p hase accuracy bet ter t han 1°and an ampli2
t ude accuracy bet ter t han 1 % are required to guar2
antee t hat t he inaccuracy does not limit t he overall

performance[2 ] . To reach such a goal ,a good circuit

and layout are usually insufficient . Calibration
should be performed to guarantee good IQ per2
formance.

In t his paper , an automatic IQ p hase calibra2
tion method implemented in a direct conversion re2
ceiver is p resented. The receiver has been fabrica2
ted in a 0118μm CMOS process. Measurement s are
also presented to verify the calibration effect .

2 　Receiver architecture

The direct conversion receiver wit h automatic

IQ p hase calibration is shown in Fig. 1. A low noise
amplifier (L NA) is placed as the first block of t he
receiver chain to amplify t he small RF signal with2
out adding much noise. The amplified RF signal is
mixed down by two IQ mixers to generate IQ base2
band signals. The variable gain amplifiers (V GAs)

adjust t he amplit ude of t he received signals. The
channel filtering is done by the channel filters.
Outp ut buffers are designed to drive t he off2chip
impedances. A delay line (DL ) is inserted into t he
Q side to generate an IQ p hase error for measure2
ment . The DL is composed of a resistor ( Rd2 ) ,a ca2
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pacitor ( Cd2 ) , and a unity gain buffer . The unity gain buffer is used to drive the off2chip load.

Fig. 1 　Direct conversion receiver with automatic IQ phase calibration

　　The IQ LO signals are generated by a two2
stage passive polyp hase filter wit h an external in2
p ut [3 ] . Perfect quadrat ure performance is only ob2
tained at a certain f requency point ,which is usually
located at t he center point of t he operating band.
IQ mismatch is thus unavoidable.

3 　IQ phase cal ibration

3. 1 　Calibration loop design

The IQ p hase calibration loop is based on a de2
lay locked loop (DLL ) [4 ] using a quadrat ure p hase
detector (Q PD) ,as shown in Fig. 1. In t he calibra2
tion mode , t he switches ( S1 ～ S4 ) are turned on.
The quadrat ure p hase error between I and Q is
t ranslated to a DC voltage t hrough t he Q PD ,
charge p ump ,and loop capacitor ( CF ) . A unity2gain
buffer is inserted between t he loop capacitor and
t he low2pass filter (L PF) for isolation. The low2
pass filtered DC voltages (V ci and V cq ) adjust t he
p hase shif t s of the variable delay lines ( V DL ) so
t hat t he p hase difference between t he I and Q sig2
nals approaches 90°. At t he end of t he calibration ,
all switches are t urned off . The circuit s in the
dashed square are powered down. The proper con2
t rol voltages are stored in t he capacitors C1 and C2 .

3. 2 　VDL design

The VDL is composed of a capacitor ( Cd1 ) and

an nMOS t ransistor (NMd ) as a variable resistor [5 ] ,
as shown in Fig. 1. NMd works in t he linear region.

Thus t he variable resistor value ( Rd1 ) is inversely
p roportional to t he gate voltage of NMd (V c ) . The
t ransfer f unction of t he VDL is

VL Oo

VL Oi
=

jωL O Rd1 Cd1

1 + jωL O Rd1 Cd1
(1)

whereωL O is t he L O signal f reque ncy.

Thus t he p hase dif f e re nce betwee n VL Oo a nd

VL Oi is

Phdif = 90°- t a n - 1 (ωL O Rd1 Cd1 ) (2)

Si nce Rd1 is cont rolled by Vc , t he p hase dif f e re nce

betwee n VLOo a nd VLOi ca n be a djusted by cha n2
ging Vc . I n t his design , Cd1 is set t o be 016p F a nd

t he t ra nsist or N M d size is 20μm/ 0135μm .

3. 3 　QPD design

The Q PD schematic is shown in Fig. 2 ( a ) .
Amplifiers A1 ,A2 ,and A3 convert sinusoidal inp ut s
into square waves ( Ip , Qp , and Qn ) . To minimize
common mode effect s on the duty cycle of t he
square waves , t hese amplifiers are designed wit h
differential inp ut s. The U P signal is simply t he
product of Ip and Qp ,and t he DN signal is t he p rod2
uct of Ip and Qn . Because t he t ransition edge of
AND gates AN1 and AN2 cannot be a step change ,
t here exist s a positive p ulse overlap of the U P and
DN signals. NAND gates N1 , N2 , and N3 are used
to eliminate this p ulse overlap , so that the up and
down current sources in t he charge p ump will not
be t urned on simultaneously. Inverters ( I1 and I2 )

and t ransmission gates ( T1 and T2 ) convert single2
ended inp ut s to differential outp ut s to minimize t he
effect s of switches on current sources in t he charge
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p ump . A p hase difference between the I and Q sig2
nals result s in unequal positive p ulse widt hs of the
U P and DN signals[4 ] .

Figure 2 ( b) shows t he simulation waveforms
when t he signal f requencies of I and Q are 10M Hz
and the quadrat ure p hase error is about 5°. The
positive p ulse widt h of U P + is smaller t han t hat of
DN + , resulting in a decrease in t he charge p ump
outp ut voltage.

Fig. 2 　Quadrature phase detector 　(a) Schematic dia2
gram ; (b) Waveforms with 10M Hz input s

3. 4 　Charge pump design

Figure 3 gives a simplified schematic of the
current charge p ump . The sizes of t ransistors PMc

and NMc are set to be 23116μm/ 3μm a nd 1114μm/

3μm . The cha nnel le ngt h of t he t ra nsist or is cho2
se n t o be 3μm t o ma ke t he ratio of t ra nsist or

widt h t o le ngt h less se nsitive t o p rocess va ria nce .

A s malle r size of 2μm/ 0135μm is chose n f or all of

t he switc hi ng t ra nsist ors t o mi ni mize cap acitive

coup li ng betwee n U P (D N) a nd VCP .

Because S WU1 a nd S WD1 a re t ur ned on alte r2
nately , VU ( VD ) does not f ollow VCP w he n S WU1

(S WD1 ) is off . This results i n glitc hes i n t he cha rge

cur re nt at t he mome nt w he n S WU1 ( or S WD1 ) is

t ur ned on . S WU2 ,S WD2 , a nd a unit y gai n buf f e r a re

used t o re duce t he glitches . For exa mple , w he n

S WD1 is t urned on ,S WU2 is on a nd S WU1 a nd S WD2

a re of f . Thus , VU va ries wit h VS . Si nce VS is al2
most ide ntical t o VCP , VU t hus equivale ntly f ol2
lows VCP . The ref ore , VU does not exp e rie nce a

Fig. 3 　Simplif ied schematic of t he charge p ump

step c ha nge w he n S WU1 is t ur ne d on . The glitches

i n t he cur re nt t h rough S WU1 a re conseque ntly re2
duce d . Figure 4 s hows t hat t he cur re nt glitches a re

reduce d f rom nea rly 300 t o 30μA.

Fig. 4 　Reduction of charge pump current glitches

3. 5 　Resolution analysis

In a real Q PD circuit ,t here exist s a widt h mis2
match between t he positive p ulse widths ( TUP and
TDN ) of t he U P and DN signals when I and Q are
exactly in quadrat ure. There is also a mismatch be2
tween IUP and IDN . For a p hase error of dφer be2
twee n I a nd Q , t he voltage i ncre me nt of Vci or Vcq

af te r n signal cycles is

d V n =
TI0

4 CF
(δ+ε-

- dφer + dφ1 + ⋯+ dφn - 1

90°
)

(3)

w hereδis t he mismatch between TUP and TDN ,εis
t he mismatch between IUP and IDN , T is t he signal
cycle of I and Q , I0 is t he ideal charge p ump cur2
rent , and dφi is t he p hase s hif t betwee n I a nd Q

cause d by d V i . If d Vn equals ze ro , t he loop locks .

Thus t he residual p hase e r ror af te r calibration is
( - dφer + dφ1 + ⋯+ dφn - 1 ) = 90°×(δ+ε)

(4)
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　　Equation ( 4) s hows t hat t he residual p hase

e r ror ( na mely calibration resolution ) is di rectly

p rop ortional t o t he Q PD a nd cha rge p ump mis2
matches . Ideally ,δ and ε are bot h zero , which
means t he calibration resolution is 0°. Caref ul de2
sign of t he Q PD and charge p ump reducesδ+εto
be about 014 % on average ,resulting in a 0136°re2
sidual p hase error [4 ] .

4 　Simulation results

The receiver wit h t he calibration loop is simu2
lated using Cadence Spect re RF wit h a 0118μm
CMOS process and a 217V supply voltage. The RF
inp ut signal and the LO signal are set at 2141 GHz
and 214 GHz , respectively. Thus t he baseband sig2
nal for calibration is 10M Hz. The loop filter CF is
set at 316p F. The resistor Rd2 and capacitor Cd2 in
t he DL are set at 114kΩ and 1p F to generate a 5°
quadrature p hase error between I and Q. Figure 5
plot s t he waveforms of V ci and V cq during t he cali2
bration process. Figure 6 plot s t he waveforms of I
and Q before and af ter calibration. The initial 5°
p hase error is reduced to only 0118°.

Fig. 5 　V ci and V cq lock2in process

5 　Layout design and measured results

　　This design has been fabricated in a 0118μm
CMOS process. The chip was bonded in a 242pin
QUAD package. A p hoto of the chip is shown in
Fig. 7 , including t he receiver and some other test
circuit s. The receiver size is about 213mm2 .

5. 1 　Layout design

The receiver layout is made as symmet rical as
possible to improve it s quadrature performance ,as
shown in Fig. 7. The IQ p hase detection blocks ,in2
cluding the Q PD ,charge p ump ,loop filter , buffer ,

Fig. 6 　Waveforms of I and Q 　(a) Before calibration ;
(b) After calibration

Fig. 7 　Chip photo

and L PF ,are placed between t he I and Q baseband
pat hs to maintain the layout symmet ry. The two
VDL s are also placed symmet rically on t he LO sig2
nal paths.

5. 2 　Measured results

The whole calibration circuit consumes about
118mA in calibration mode and less t han 2nA in
power2down mode f rom a 217V supply. The RF
signal is 2141 GHz and t he LO signal is 214 GHz.

The IQ signals are measured using an Agilent
54622D 100M Hz mixed signal oscillo scope. Figure
8 (a) shows t hat t he time difference between I and
Q before calibration is about 28ns. Thus t he IQ
p hase error is 28/ 100 ×360°- 90°= 1018°. In addi2
tion to t he 5°p hase error of t he DL , t he receiver
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cont ributes an ext ra 518°p hase error . Figure 8 ( b)

shows t hat t he time difference af ter calibration is
about 2512ns. The IQ p hase error is t hus 2512/ 100
×360°- 90°= 0172°. The measured result s show
t hat t he calibrated IQ p hase error is smaller t han
t he requirement of 1°.

Fig. 8 　Measured I/ Q waveforms 　(a) Before calibra2
tion ; (b) After calibration

The measured performance depart s somewhat
f rom t he simulation result . The possible reason is
t hat t he Q PD and charge p ump performances are
not as good as in the simulation. Figure 8 also
shows t hat t he IQ amplit ude error is a bit large ,
which needs to be eliminated in f ut ure design.

6 　Performance comparison

The receiver IQ p hase calibration met hods can

be classified into categories : (1) digital calibration
implemented in t he baseband DSP chip [6 ,7 ] ; ( 2 )

mixed method of analog and digital calibration wit h
t he help of t he DSP chip [8 ] ; ( 3) calibration inte2
grated in the t ransceiver chip [ 9 ,10 ] . Calibration

met hods of (1) and (2) rely on the baseband DSP
chip s ,which increases t he complexity of t he base2
band DSP chip s and lowers t he compatibility be2
tween the t ransceiver chip s and the baseband DSP

chip s. The selection range of DSP chip s for t rans2
ceiver p roviders is also reduced. Thus met hod (3)

is p referred for bot h t ransceiver and baseband DSP
chip providers. The IQ p hase calibration method
proposed in t his design is classified into method
(3) .

The calibrated IQ p hase errors are 013°in
Ref . [ 9 ] and 1°in Ref . [ 10 ] . Thus t he measured
performance of t his design is between the result s of
Ref s. [ 9 ] and [ 10 ] , all satisfying t he system re2
quirement of 1°.

7 　Conclusions

An automatic IQ p hase calibration met hod im2
plemented in a 214 GHz direct conversion receiver
is p resented. The calibration loop is based on a de2
lay locked loop using a proposed quadrat ure p hase
detector (Q PD) . The Q PD schematic and t he loop
resolution are given and analyzed. The receiver has
been fabricated in a 0118μm CMOS process. Meas2
urement s show t hat t he IQ p hase error af ter cali2
bration is less t han 1°, which satisfies t he system
requirement s.
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214 GHz 零中频接收机中正交相位的自校准设计 3

刘瑞峰­ 　李永明 　陈弘毅 　王志华

(清华大学微电子学研究所 , 北京　100084)

摘要 : 提出了实现在一个 214 GHz 零中频接收机中的一种正交相位自校准方法. 这种方法基于一个采用提出的正
交相位检测器的延迟锁定环路来大大减小正交相位误差. 该接收机采用 0118μm CMOS 工艺实现. 测试结果显示
正交相位误差可以被校准到 1°以内 ,满足了系统的要求.
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