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Abdgtract : An automatic 1Q phase calibration method implemented in a 2 4GHz direct conversion receiver is pro-
posed. It uses a delay locked loop (DLL) with aproposed quadrature phase detector to greatly reduce the phase er-
ror. The receiver isfabricatedin a 0. 181 m CMOS process. M easurements show that the 1Q phase error can be cali-

brated within 1° ,which satisfies the system requirement.
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1 Introduction

Direct converson transceivers have becomein-
creasingly popular in recent yearsfor their high in-
tegration ability. Direct converson is the natural
approach to trandate a sgna band from RF to
baseband or from baseband to RF. The image prob-
lemsin superheterodyne and low intermediate fre-
quency (IF) conversion architectures are circum-
vented because the IF is zero. The LNA does not
need to drive a 52 load because no image rejection
filter is required™ . All of these advantages make
direct converson transceivers easy to integrateon a
chip with less power and area consumption.

However ,there are still some drawbacks to
the direct converson architecture,such as 1Q mis
match. IQ mismatch is mostly caused by imbalance
between | and Q local oscillator (LO) signals. In
heterodyne transceivers,the LO signalsfor 1Q gen-
eration or summation are IF signals. The 1Q imbal-
ance can be made negligible. However ,the LO sg-
nals in direct converson transceivers are RF sg-
nal s. Owing to the limitationsof L O generation cir-
cuits and paradtics,the IQ performance cannot be
very good ,resulting in a reduced sgnal-to-noise ra
tio (SNR) and hence performance degradation'” .
In complex modulation schemes,such as 64-QAM ,
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an 1Q phase accuracy better than 1° and an ampli-
tude accuracy better than 1 % are required to guar-
antee that the inaccuracy does not limit the overall
performance'® . To reach such a goal ,a good circuit
and layout are usually insufficient. Calibration
should be performed to guarantee good IQ per-
formance.

In this paper ,an automatic 1Q phase calibra
tion method implemented in a direct conversion re-
ceiver is presented. The receiver has been fabrica
tedin a0 18 m CMOS process. Measurements are
alo presented to verify the calibration effect.

2 Receiver architecture

The direct conversion receiver with automatic
IQ phase calibrationis shownin Fig.1. A low noise
amplifier (LNA) isplaced as the first block of the
receiver chain to amplify the small RF signal with-
out adding much noise. The amplified RF signal is
mixed down by two IQ mixersto generate IQ base
band signals. The variable gain amplifiers (V GAs)
adjust the amplitude of the received sgnals. The
channel filtering is done by the channel filters.
Output buffers are desgned to drive the off-chip
impedances. A delay line (DL) isinserted into the
Q dde to generate an IQ phase error for measure-
ment. The DL iscomposed of aresstor (Rz) ,aca
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pacitor (Cz) ,and a unity gain buffer. The unity
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Fg.1 Direct converson receiver with automatic 1Q phase calibration

The 1Q LO dgnals are generated by a two-
stage passve polyphase filter with an external in-
put’™ . Perfect quadrature performance is only ob-
tained at a certain frequency point ,which is usually
located at the center point of the operating band.
IQ mismatch is thus unavoidable.

3 1Qphase calibration

3.1 Calibration loop design

The 1Q phase calibration loop is based on a de-
lay locked loop (DLL) ' using a quadrature phase
detector (QPD) ,as shown in Fig. 1. In the calibra
tion mode,the switches (S S) are turned on.
The quadrature phase error between | and Q is
trandated to a DC voltage through the QPD,
charge pump ,and loop capacitor (Ce) . A unity-gain
buffer is inserted between the loop capacitor and
the low-pass filter (L PF) for isolation. The low-
passfiltered DC voltages (V4 and V) adjust the
phase shifts of the variable delay lines (Vo) s0
that the phase difference between the | and Q sg-
nal s approaches 90°. At the end of the calibration,
all switches are turned off. The circuits in the
dashed square are powered down. The proper con-
trol voltages are stored in the capacitors G and C..

3.2 VDL design

The VDL is composed of a capacitor (Ca) and
an nMOStransistor (NMg) asa variable resstor'®
as shownin Fig. 1. NMg worksin thelinear region.

Thus the variable resstor value (Ra) isinversey
proportiona to the gate voltage of NMa (V). The
trander function of the VDL is
Moo _ '(a)_g Ra Cqy (1)
Vioi 1+ jWo Ra Ca
whereW.o is the L O signal frequency.
Thus the phase difference between V.o, and
Vioi is
Phar = 90° - tan* (.o Ra Ca) (2)
Since Ra is controlled by V. ,the phase difference
between Vioo and V.o can be adjusted by chan-
ging Vc.In this design, Cu is set to be 0. 6pF and
the transistor NMg size is 20 m/ 0. 33 m.

3.3 OQPD design

The QPD schematic is shown in Fig. 2 (a).
Amplifiers A1 ,Az ,and Az convert snusoidal inputs
into square waves (1, ,Q ,and Q.). To minimize
common mode effects on the duty cycle of the
square waves, these amplifiers are desgned with
differential inputs. The UP signal is smply the
product of 1, and @, ,and the DN signal isthe prod-
uct of I, and Qn. Because the trandtion edge of
AND gates AN: and AN: cannot be a step change,
there exists a postive pul se overlap of the UP and
DN sgnas. NAND gates N1 ,N2z ,and Ns are used
to eliminate this pulse overlap ,s0 that the up and
down current sources in the charge pump will not
be turned on smultaneoudy. Inverters (1. and I2)
and transmission gates (T: and T2) convert single-
ended inputs to differential outputsto minimize the
effects of switcheson current sourcesin the charge
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pump. A phase difference between the | and Q sg-
nals resultsin unequal postive pulse widths of the
UPand DN signals“.

Figure 2(b) shows the smulation waveforms
when the sgnal frequenciesof | and Q are 10M Hz
and the quadrature phase error is about 5°. The
postive pulse width of UP + is smaller than that of
DN" ,resulting in a decrease in the charge pump
output voltage.

3‘°g DN+ UP+
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Fig.2 Quadrature phase detector (a) Schematic dia
gram; (b) Waveforms with 10M Hz inputs

3.4 Charge pump design

Figure 3 gives a smplified schematic of the
current charge pump. The dzes of transstors PMc
and NM. are set to be 23 1§ m/ 3 m and 11. 4 m/
3 m. The channel length of the transistor is cho-
sen to be 3 m to make the ratio of transistor
width to length less sensitive to process variance.
A smaller size of 22 m/ 0. 33 m is chosen for all of
the switching transistors to minimize capacitive
coupling between UP (DN) and Vece.

Because SWu1 and SWo: are turned on alter-
nately, Vu (Vo) does not follow Vcr when SWui
(SWops1) is off. This resultsin glitchesin the charge
current at the moment when SWui (or SWo1) is
turned on. SWu2 ,SWo2 ,and a unity gain buffer are
used to reduce the glitches. For example, when
SWoa is turned on,SWuz is on and SWu1 and SWo2
are off. Thus, Vu varies with Vs. Since Vs is al-
most identical to Vcr, Vu thus equivalently fol-
lows Vcr. Therefore, Vu does not experience a

PMcl 23.16um
Ve 3um

v, XMc 113ﬁm“m

Fig.3 Simplified schematic of the charge pump

step change when SWuz is turned on. The glitches
in the current through SWu: are consequently re-
duced. Figure 4 shows that the current glitches are
reduced from nearly 300 to 3Qu A.
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Fig.4 Reduction of charge pump current glitches
3.5 Resolution analysis

In areal QPD circuit ,there existsawidth mis
match between the positive pulse widths ( Tue and
Ton) of the UP and DN signals when | and Q are
exactly in quadrature. Thereis also a mismatch be-
tween lup and Ion. For a phase error of dpe be-
tween | and Q ,the voltage increment of Va or Ve
after nsignal cyclesis
Tlo - dPe + dpy +
ac. © *E - o

+ C[Dn-l

dV. = )

(3)
whered isthe mismatch between Tue and Ton € is
the mismatch between luer and lon , T is the sgnal
cycleof | and Q, lo is the ideal charge pump cur-
rent ,and dp: is the phase shift between | and Q
caused by dVi.If dV. equals zero,the loop locks.
Thus the residual phase error after calibration is

(- dper +dp1 +  +dPn1) = 90° x @ +€)

(4)
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Equation (4) shows that the residual phase
error (namely calibration resolution) is directly
proportional to the QPD and charge pump mis-
matches. Ideally,® and € are both zero, which
means the calibration resolution is 0°. Careful de
sign of the QPD and charge pump reducesd +£ to
be about 0. 4 % on average ,resulting in a 0. 36° re-
sdual phase error!® .

4 Smulation results

The receiver with the calibration loop is s mu-
lated using Cadence Spectre RF with a 0 181 m
CMOSprocess and a2 7V supply voltage. The RF
input sgnal and the LO sgnal are set at 2 41GHz
and 2 4GHz ,respectively. Thus the baseband sg-
nal for calibration is 10M Hz. The loop filter Cris
set at 3 6pF. The resstor Re and capacitor Ce in
the DL are set at 1 4K2 and 1pF to generate a 5°
quadrature phase error between | and Q. Figure 5
plots the waveforms of Vs and V¢ during the cali-
bration process. Figure 6 plots the waveforms of |
and Q before and after calibration. The initial 5°
phase error is reduced to only 0. 18°.

1.6¢

Control voltage/V

0 10 20
Time/ps

Fig.5 Va and Ve lock-in process

5 Layout design and measured results

This design has been fabricated in a 0. 1§/ m
CMOS process. The chip was bonded in a 24-pin
QUAD package. A photo of the chip is shown in
Fig. 7 ,including the receiver and some other test
circuits. The receiver sizeis about 2 3mn?’.

5.1 Layout design

The receiver layout is made as symmetrical as
possble to improve its quadrature performance ,as
shown in Fig.7. The 1Q phase detection blocks,in-
cluding the QPD ,charge pump ,loop filter ,buffer ,
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Fig.6 Waveformsof | and Q (a) Before cdibration;
(b) After calibration
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Fig.7 Chip photo

and L PF ,are placed between the | and Q baseband
paths to maintain the layout symmetry. The two
VDL s are al 0 placed symmetrically onthe LO sg-
nal paths.

5.2 Measured results

The whole calibration circuit consumes about
1 8mA in calibration mode and less than 2nA in
power-down mode from a 2 7V supply. The RF
signal is2 41GHz and the LO signal is2 4GHz.

The IQ dgnals are measured usng an Agilent
54622D 100M Hz mixed signal oscilloscope. Figure
8(a) shows that the time difference between | and
Q before calibration is about 28ns. Thus the 1Q
phase error is 28/ 100 x 360° - 90° = 10. 8°. In addi-
tion to the 5° phase error of the DL ,the receiver
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contributes an extra 5 8 phase error. Figure 8(b)
shows that the time difference after calibration is
about 25 2ns. The IQ phase error isthus 25 2/ 100
x 360° - 90° = 0. 72°. The measured results show
that the calibrated IQ phase error is smaller than
the requirement of 1°.

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

The measured performance departs somew hat
from the smulation result. The possble reason is
that the QPD and charge pump performances are
not as good as in the smulation. Figure 8 a0
shows that the IQ amplitude error is a hit large,
which needs to be eliminated in future design.

6 Perfor mance comparison

The receiver 1Q phase calibration methods can
be clasdfied into categories: (1) digital calibration
implemented in the baseband DSP chip'®” ; (2)
mixed method of analog and digital calibration with
the help of the DSP chip™® ; (3) calibration inte-
grated in the transceiver chip!®*® . Calibration
methods of (1) and (2) rely on the baseband DSP
chips,which increases the complexity of the base-
band DSP chips and lowers the compatibility be-
tween the transceiver chips and the baseband DSP

chips. The selection range of DSP chips for trans
ceiver providersis also reduced. Thus method (3)
ispreferred for both transceiver and baseband DSP
chip providers. The IQ phase calibration method
proposed in this design is classfied into method
(3).

The calibrated 1Q phase errors are 0. 3 in
Ref.[9] and 1° in Ref. [10]. Thus the measured
performance of thisdesgnis between the results of
Refs. [9] and [10] ,al satifying the system re-
quirement of 1°.

7 Conclusions

An automatic 1Q phase calibration method im-
plemented in a 2 4GHz direct converson receiver
ispresented. The calibration loop is based on a de-
lay locked loop usng a proposed quadrature phase
detector (QPD) . The QPD schematic and the loop
resolution are given and analyzed. The receiver has
been fabricated in a 0. 181 m CMOS process. Meas
urements show that the 1Q phase error after cali-
bration is less than 1° ,which satidies the system
requirements.
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