B* % WIMAX ¥ WiFi @£z 1 &
AR IQ AT Fesr LOARN2Z 8 &2 4
/»w}i$

Direct Up-Conversion Mixer with Matching
Compensation Eliminating I/Q Imbalance and LO

Feedthrough in WiMAX and WiFi Transmitter

P 3 42 . £775
hERE D RET R

PoE % K 4L B 7T OF



Bt 4 WIMAX 22 WiFi @25 2 24 % /Q £ ™
Aegr LO 4 d12 3 52 40k B
Direct Up-Conversion Mixer with Matching Compensation

Eliminating I/Q Imbalance and LO Feedthrough in WiMAX and
WiFi Transmitter

I TR - Student : Tsung-Nan Yu

PRt L Advisor : Chien-Nan Kuo

A Thesis
Submitted to Department of Electronics Engineering & Institute of Electronics
College of Electrical Engineering and Computer Science
National Chiao Tung University
In Partial Fulfillment of the Requirements
For the Degree of
Master
In
Electronic Engineering

May 2008

Hsinchu, Taiwan, Republic of China

P 3 |/ 4Lt & 7 7



B3 WIMAX & WiFi @345 E § 48 % 1/Q A ™ fe &2
LO& N2 B B2 4gRL &

g4 . £

dif
g
A
1
4k
2
A
N
-
g
Al
'K‘ N
W

#&

AL L ED] - BEPEor P KT R v TINRE R 2 L maird

—

WEL Flpt AR B ISUELE T 7 s B i\gﬁ%l A Tk L=

Wi 67 27 0.67%7EVM -

o
<

CRABERTRAY CAFHIBRTSMOREAET R FBEHS 7 UQ Rk
BARRTBEG e prgd? B AR ZT B /Q B ~/Q iRk Bich 7|
WELHE T T E o TET RS 5 1L65X1.25 mm’ o F 4L

i

50.4mW -
d A SIS T (T Bl BT RO H 2 T fRE D R
D FEG P TR B R LA T R APRLEE R ERVQRAE

AT A g o BRI ST & 24GHz~27GHz > 1/Q R BE G 4 3



-11.15dB =3 &~ 5dBm <7 1-dB # 5 3 £ B AFEE ~ % 30 15dB s * i 4 el
B~ 15dB e L0 & 1 e o d B e ?&%ﬂ‘j’ﬁxmﬁbﬁ‘@ A 4 5 g

W5 0 w2 3] 38.5dB e * FAF prl o

II
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Eliminating I/Q Imbalance and LO Feedthrough in WiMAX

and WiFi Transmitter

Student: Tsung-Nan Yu Advisor: Prof. Chien-Nan Kuo

Department of Electronics Engineering & Institute of Electronics

National Chiao-Tung University

ABSTRACT

This thesis proposes an up-conversion I/Q mixer with matching compensation
eliminating I/Q imbalance and LO feedthrough. By additional power detection
feedback loop and compensation algorithm, auto-compensation can be achieved. The
compensation for I/Q balance is achieved by using vectors compensation. The main
factor resulting in LO feedthrough is identified and compensated by small current
sources. All the small current sources used for matching compensation are controlled
with thirty control signals. The thirty control signals is fed by 3-wire. From
post-simulation results, the EVM with 0.67% can be achieved.

The circuit in this work is realized in TSMC 0.18um CMOS technology and
composed of I/Q mixer, polyphase filter, LO 1/Q buffers, and 3-wire. The total area of
this chip is 1.65x1.25 mm? and the power consumption is 50.4mW.

From measurement results, the 3-wire is failed due to latch-up. The control
signals for matching compensation can’t be fed the circuit. So, the matching

compensation can’t work successfully. The performance of the I/Q mixer without any

III



matching compensation is measured with LO frequency form 2.4GHz to 2.7GHz. The
I/Q mixer is measured with conversion gain of better than -11.15dB, the 1-dB
compression point of 5dBm, the unwanted sideband suppression of better than 15dB,
and the maximum LO feedthrough suppression of 15dB. Since the matching
compensation can’t be achieved by compensation circuit in the chip, the unwanted
sideband suppression can be lowered as 38.5dB after manual compensation with

tuning the magnitude and phase of baseband I/Q signals.

v



"

-\

N

WOl S fhe o F R B Rt B0 N T 0 B2

'

e

=

-~

FIL ot BB A R R

A~
=

ERhg g o @ SIS T 5 A

34
44

Mgl zf B R L AR FREL R A py S Ra o &
SRR EBRTRR

RBCTF -GA P F MREFE PO T h3F s 2 5 55 sy
A EART el Sk ARl e R oy oL el SR R IR SRR S

BR 2R FARBFEFIP A0 0 R PRI BEEO R

Feo 2K R RIEA E S RPRAT TN BREHTRS PP e b g v Wi

T

S L Db o
Boil o R B U A PR B A PR R R 1 S L R

ATl B E o B RS R B o At - BHE -



CONTENTS

ABSTRACT (CHINESE) ....cccccoiiiiivvnnnnnnnnnenccccssssccnnnnns I
ABSTRACT (ENGLISH)......cccccooeeenscnnnnnnnnnnneeccccsssans 1
ACKNOWLEDGEMENTS ....ccccottiiicvnnnnnnnnnneeccccssssnes \%
CONTENTS...currnnnnnniiiiiccsssssssssssssssssssssssssssssssssssssnns \ 4|
TABLE CAPTIONS.......cccccotiiiiivnnnnnnnnninicccssssscsnnnnnes IX
FIGURE CAPTIONS ....ccccceeiiercccnmnnnnnerrnneeccsssssssnssssnns X
CHAPTER 1 Introduction ..........cccceeecccnnseeecccccnnsseeecces 1
LT MOTIVATION ..eoiiiiiiiiiiiiiiiie it 1
1.2 Thesis Organization .............cccceeeiiireeiiiieeeriieeeesveeeesaveeens 2

CHAPTER 2EVM in Direct-Conversion Transmitter

Consideration.......cccvvviiiiniiiiiiiinnniiiiiiinnrecenennne 3
2.1 Direct-Conversion TranSmitter .........ccoecveeevveeeeeniieeeennneen. 3
2.2 Sources of Degrading EVM in General consideration....... 5
2.2.1 Intersymbol or Interchip Interference (ISI or ICI).............. 5
2.2.2 Close-in Phase Noise of Synthesized LO .............cc............ 7
2.2.3 LO Feedthrough..........cccccoooeiviieiiiieeeeeeeee, 8
2.2.4 T1/QImDbalance.........cccooooiiiuieeieiiieeeeeeeee e 10



2.2.5 Nonlinearity Influence.....................coooiiiiiii 12

226 Total EVM ... 13
2.3 EVMin WiFiand WIMAX.......ccoooiiiiiiieeeeeeee e, 14
2.4 SUMMATY...ccoiiiiiiiiiii e, 16

CHAPTER 3  Circuit Design for Direct
Up-Conversion Mixer with Matching Compensation
Eliminating I/Q Imbalance and LO Feedthrough in

WIMAX and WiFi TranSmitter ......cccccceceeesecesecsecsesees 17

3.1 LO-feedthrough in Up-Conversion Mixer Consideration 19

3.1.1 Factors of Inducing LO Feedthrough.............ccccuvenneeen. 19
3.1.2  1/Q Mixer Design for LO Feedthrough Suppression......21
3.2 I/Q TImbalance Compensation Circuit Design for
Up-Conversion I/Q MIXeT........ccvveeieeeiiiiiee e 25
3.2.1 1/Q Imbalance Equivalent Model............c..ccccvervrrennnnnee. 25
3.2.2 1/Q Imbalance Compensation Mechanism...................... 25
3.2.3 LOT/Q Buffer Design ......c.ccceevveeveiieeeiieeeiiee e, 28

3.3  Algorithm for I[/Q Imbalance and LO Feedthrough

(@70) 10 01538 T 15 10 s WU UUPRRRRRP 36

3.3.1 Algorithm for LO Feedthrough Compensation................ 36

3.3.2 Algorithm for I/Q Phase Imbalance Compensation........ 38

VIl



3.3.3 Algorithm for I/Q Gain Imbalance Compensation.......... 41

3.3.4 Post Simulation Result with Compensation Algorithm.. 43

3.4 SUMMATY ....uuiiiiiiiieieieeiiiieeeee e e eeerrrre e e e e e e e e e e eeenees 45
CHAPTER 4 Chip Measurement.........cccceeeeeeececnnnnnes 39
4.2 Circuit Measurement............ocoveiiiiiiiniiinieninenn., 47
4.2 Circuit Measurement.............cooeiiiiiiiiniiiniiiieenn.. 48
4.3 SUMMATY ..ottt e, 56
CHAPTER 5 Summary and Future Work................. 58
5.1 Summary ... 58
5.2 Future Work ........ccoooiiiiiiiiiiiiiiiiiieceec e 59
REFERENCES.....ccuuiiiiiiiiiicicnnsccsnnsnnninnecccssssssssnsssssss 60
VITA . coiiiiiiiioniissneoosseoee SR EIERES S eceeeessesssssssssssssssssssssssas 62

VI



Table I

Table 11

Table II1

Table IV

Table V

Table VI

TABLE CAPTIONS

Difference between 802.11 and 802.16..........ccoieiiiiiiiiiiiiia, 14
EVM contribution from each source..............ccoooiiiiiiiiiiiiiiii, 15
TSMC 0.18um technical documents for device mismatch reference...... 20
Performance summary of simulation results...................c.ooeiiini, 46
Performance summary of measurement results.............................. 56
Performance comparison to other circuits...............cocovviviiiiiinin., 57

IX



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.1

2.2

23

24

3.1

3.2

33

34

3.5

3.6

3.7

3.8

3.9

3.10

3.11

FIGURE CAPTIONS

Block diagram of direct-conversion transmitter.....................c.oeeene.. 3
Factors degrading EVM in direct-conversion transmitter..................... 5
LO feedthrough induced error vector..............oovviviiiiiiiiiiiiiie e, 9
Unwanted sideband signal induced error vector......................oeee.e. 11
Proposed I/Q modulator.............oooiiiiiiiii e 18
Double balanced Gilbert Cell mixXer............cooeeiiiiiiiiiiiiiiiiiien.. 20

Monte-Carlo analysis of LO feedthrough due to switching stage device
MISMAtCh. . ... 21
Monte-Carlo analysis of LO feedthrough due to switching stage and
transconductance stage device mismatch................ccocovvvieiinnnnn. 21
Monte-Carlo analysis of LO feedthrough due to switching stage device

mismatch with the DC current offset of the two transconductance stages

DC current offset of the two transconductance stages device mismatch by

Monte-Carlo analysiS..........oueviiiriiiiiii i 23
Proposed I/Q MiXer.......oouiieiii i 24
I/Q imbalance equivalent model..................coooiiiiiiiii 25

(a) The constellation of QPSK and the error vector. (b) The error vector
analysis in I/Q plane.........cccoooiiiiiiiiii e 26
I/Q compensation steps of (a) with original I/Q constellation point,(b)
with compensating phase error of I-channel, and (c¢) with compensating
magnitude error of Q-channel....................c.ooiii 27

Current mode operation of I-buffer....................oooiiiiii, 29

X



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

3.29

3.30

Current mode operation of Q-buffer.......................ol. 29

I/Q buffer schematic...............ooiiiiiii 32
The gm of Mij~Mis in response to Ipj.....ooevveveiiiiiiiiiiiiiiiii, 33
Linear g, variation of M;;~Mis along with igj.............cooeiiii.n. 33
The linear response of Agy, Of (Zmi1-Emi3) OF (Emi2-Cmi4) 1O 1d1.evveereeerennn. 33
The g of Mis~M;s and Mys~Mge in response t0 Ips............cooooiiiii 34

Frequency response to the relation of Agy of (Zmi1-Emiz) OF (Emi2-Emia) tO

D2 et 34
The phase and magnitude of I-buffer varying with control bits...........35
The magnitude of Q-buffer varying with control bits........................ 35
Algorithm for LO feedthrough compensation.......................c.o.ee. 37

The post simulation result of Q-mixer by using LO feedthrough
compensation algorithm...................iiiiiiiii i, 38
The post simulation result of [-mixer by using LO feedthrough
compensation algorithm..................coiiiiiiiiiiiiiii 38
Algorithm for I/Q phase imbalance compensation....................c..o...... 40
The post simulation result of I/Q mixer by using I/Q phase imbalance
compensation algorithm. ..., 41
Algorithm for I/Q gain imbalance compensation............................. 42

The post simulation result of I/Q mixer by using I/Q magnitude imbalance

compensation algorithm.................ooiiiiiiiiiiii e, 43
The simulated spectrum by post simulation without compensating........ 44
The simulated spectrum by post simulation after compensating............ 44

XI



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Die MICTOZIaph. ....uuitit e 47

MeasuremMent SELUP. .......eeutiett ettt e 48
Layout view of D-type flip flop cell............coooiiiiiiiiii s 49
Conversion gain varying with input power level and LO frequency...... 50

Sideband suppression varying with input power level and LO
O QUENCY . ..t e 50
LO feedthrough suppression varying with input power level and LO
T EQUENCY ...t D |
On-board baluns loss check by simulation.........................coooee. 51

Conversion gain varying with input power level and LO frequency after

calibrating balun 10SS..........o i 52
Conversion gain versus LO frequency.............c.ccooviiiiiiiinnn... 52
I/Q imbalance equivalent model II..............coo..coiiiiiii 53
Spectrum measured after phase compensation..............c.ccovevenen.n 54
Spectrum measured with baseband signal I-path turning on................ 54
Spectrum measured with baseband signal with Q-path turning on...... 55
Spectrum after the phase and magnitude compensation..................... 55
The feedback loop for auto-compensation................cceeeeieiiieinnn... 59

XII



CHAPTER 1

Introduction

1.1 Motivation

The standard of IEEE 802.16 family, popularly known as WiMAX, provides
wireless transmissions of high data rates over metropolitan areas. The transmitted
signal format may include complicated modulation such as 64-QAM. To ensure
correct data receiving, the measure of error vector magnitude (EVM) quantifies the
error of transmitted signals and defines the performance of digital radio transmitters.
It is therefore critical to minimize the EVM.

Many non-ideal circuit effects contribute to EVM degradation in RF end,
including LO phase noise, carrier feedthrough, I/Q imbalance, and nonlinearity. The
normal figure of transmitter circuitry achieves the level from -20dB to -25dB. In the
latest released WiMAX mobile standard [1], however, it defines a severe EVM level
of -30dB, much higher than that as required by other standards such as WLAN.
Recently, there are some circuit calibration solutions for this issue [2] [3].

In this thesis, an open-loop compensation mechanism for I/Q imbalance and LO
feedthrough in the I/Q modulator is described to meet the specifications. Combined
with simple power detection in the analog circuitry and decision making in the digital

circuitry, auto-calibration can be realized in the transmitter circuit



1.2 Thesis Organization

In Chapter 2, the factors degrading EVM are identified and introduced how they
influence EVM. And EVM specification of WIMAX is also defined.

In Chapter 3, the I/Q modulator with compensating I/Q imbalance match and LO
feedthrough is designed. Also the compensation algorithm is proposed to cooperate
with the I/Q modulator.

In Chapter 4, the circuit implement and measurement results are presented.

In the last Chapter, the work is summarized and concluded.



CHAPTER 2

EVM in Direct-Conversion Transmitter

Consideration

2.1 Direct-Conversion Transmitter

The direct-conversion transmitter combines the signals of I and Q channels and

converts baseband signals to radio-frequency. First the baseband codes are translated

to analog signals by D/A converters and low-pass filters to suppress out-band spurious

noise. Then the signals of [ and Q channels are up-converted to RF and combined

together by I/Q modulator. Almost over 90% of transmitter gain is in the RF block

from the I/Q modulator to the PA. An RF band-pass filter is inserted between the

driver amplifier and the PA to suppress the out-of-band interference.

PA

RF
BPF

Driver

RF VGA

TX UHF
synthesizer

— TX UHF LO

-t

generator

1/Q modulator

I channel

BBA
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DAC

LPF
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-

]

DAC

Fig 2.1 Block diagram of direct-conversion transmitter
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The signal level in the transmitter is normally much higher than that in a receiver,
and thus the noise figure is not as critical in the transmitter as in the receiver. The
important parameters for a transmitter are the output power, especially the maximum
output power, and the fidelity of the transmission waveform measured by modulation
accuracy, EVM. In addition to these parameters of the desired transmission signal, the
unwanted emissions, such as adjacent channel power and in-band and out-band
noise/spurs emissions, are usually well defined in the mobile transmitter
specifications.

This Chapter focuses on EVM analysis of direct-conversion transmitter. The

sources that degrading EVM are discussed below.



2.2 Sources of Degrading EVM in General Consideration

EVM may be degraded by Intersymbol or Interchip Interference (ISI or ICI),
Close-in phase noise of synthesized LO, LO feedthrough, 1/Q Imbalance, and
Nonlinearity. These sources are induced by the circuit blocks in direct-conversion
transmitter and indicated in Fig. 2.2. We can identify how they affect EVM by [1]-[3]

and define the system requirements to meet the specification.

- I channel
LO Feedthrough
and /() Imbalance ‘\ I/Q modulator LPK
4 N f‘_h N BB |
RF X < [« DAC f«—"
PA BPF Driver RF VGA A BBA
g Y o
S @ == 1S1/1CI
BB;\
Nonlinearity q-c-— ﬁ -— DAC qﬂ?’—Q
P
o X () channel
Phase Noise synthesizer LPF

Fig 2.2 Factors degrading EVM in direct-conversion transmitter.

2.2.1 Intersymbol or Interchip Interference (ISI or ICI)

Intersymbol interference (ISI) is a form of distortion of a signal in which one
symbol interferes with subsequent symbols. This is an unwanted phenomenon as the
previous symbols have similar effect as noise, thus making the communication less
reliable. ISI is usually caused by multipath propagation and the inherent non-linear
frequency response of a channel. Ways to fight against intersymbol interference
include adaptive equalization and error correcting codes.

The ISI or ICI of symbols or chips may have been created at beginning to

generate a transmission signal. To obtain high spectral efficiency of the transmission



signal, the originally rectangular symbol or chip waveform is reshaped, and it is also
called pulse shaping. The shaped symbol (or chip) waveform ary ie.s can be expressed
as

arx ideal = Pps * Ayeer (1) - (2-1)
In the wireless systems, a complementary filter with an impulse response /ps ¢ is
normally used in the corresponding receiver side to equalize the phase and magnitude
distortion and thus to eliminate or to minimize the ISI or ICI caused by the pulse
shaping in the transmitter.

The filters in the transmitter path other than the pulse-shaping filter may cause
the degradation of the modulation accuracy degradation especially when the
pass-band of the filter, such as a channel filter, is close to the bandwidth of the
transmission signal. Assuming the impulse response of the filter is Az(), the shaped

symbol or chip waveform ary i after passing through the filter turns into
ary (8) = hpge (O) * arx jgeq (2) - (2-2)

The corresponding EVMg; can be expressed by the impulse response function as [4]

k=co 5

> |t +4T)
EVM g = [A=A20 . . (2-3)
‘hﬂtr (tO)‘

The terms in the numerator in the square root of (2-3) right side are ISIs or ICIs to the
symbol or chip at ty, and they are contributed from adjacent and other symbols or
chips. Each term in the square root of (2-3) can be also obtained by means of the

following formula:



t,+0t

[ ||t
Al g (k) = ‘hﬂ‘t;l(to (i; ];‘TS) = to_b),:f)+§t ’ (2-4)
. [ e 0]
t,—Ot

where k is equal to 1,2,3,---, and 2 0 t is the duration of sampling pulse. The equation

(2-3) could be written as
EVM 15 :,/ZNZICIUC) . (2-5)

2.2.2 Close-in Phase Noise of Synthesized LO

Another main contribution to the degradation of the modulation accuracy is the
close-in phase noise of the synthesizer applied as local oscillator of the up-converter
in the transmitter. Assuming the vector error caused by the synthesizer phase noise

@n(t) can be expressed as

a'(t) = a(t)+e(t) = a(t) exp(j, (1)) - (2-6)

The magnitude of the vector error then can be expressed as

- 2, - P )

e =|a0)-a@)| =9, 2-7)
where |a(?)| is normalize to 1. The statistical average of @,2(t) is the autocorrelation

function of the phase noise. The autocorrelation function and the power spectrum

density S,(f) have the following relationship

1 Ts/2

hmﬁ

n—heo ~Ts/2

E{¢(n)}dt = T Sy ()M = Puphase (2-8)

Hence the EVMnyphase resulting from the phase noise of the synthesizers could be

written as



EVMNphase = \ PNphase . (2'9)

Usually the phase noise within the loop bandwidth of synthesizers used in the mobile
transmitters is in the range of -60 to -80 dBc/Hz. In the case of the synthesizer loop

bandwidth being reasonable wide, Pnphase could be approximated as

~ N pjase 10
Iy Nphase = 2-10° ‘B I/Vr?yntl"z_loop >

(2-10)
Where Nphase 1S the average phase noise, in dBc/Hz, within the synthesizer loop
bandwidth, and BWynm 100p 15 the bandwidth of the synthesizer loop filter in Hz. The

EVMNnphase 1n (2-4) could be modified as

N e /10
EVMNphase =/ PNphase = \/2 1077 BWsynthiloop (2'1 1)

The equation if (2.11) could help us to define the specification of phase noise and loop

bandwidth in the system.

2.2.3 LO Feedthrough

The DC offset in the baseband [ and Q channels will cause LO feedthrough, and
it will degrade the modulation accuracy of the transmission signal. Assuming the dc
offset in the baseband I and Q channels are Alg. and AQq4.. The baseband signal a’y(t)
and a’q(t), in the [ and Q channels are respectively represented by

a';(t)y=cosg(t)+Al,, (2-12)

a'o(t)=sing(t)+AQ,.. (2-13)
At the output of the modulator, the I and Q quadrature signals turn into a signal with

an RF carrier, and it can be expressed as

RE,,(t)=a';(1)cos @t —a'y(t)sin @t

, (2-14)
= A(t)cos [a)ct + ¢(t)] +A,. cos(@.t+A0)

where o, is the LO angle frequency and A(t), @(t), A4, and AB are obtained as

8



A(t) = \Jcos® (1) +sin> (1) (2-15)

_ 1] sing(t) )
@(t) =tan (cos ¢(I)J (2-16)
Ay =+AL+AQ,° (2-17)

_ -1 Ay _
A@ =tan (AI ) (2-18)

dc
The modulated signal is shown in Fig. 2.3 and also LO feedthrough induced error
vector are indicated. How LO feedthrough affecting signal constellation could clearly

be found out that it also contributes an error vector.

Actual Q axis
Ideal Q a A

e(t)

P Actual I axis
P 1deal I axis

Fig. 2.3 LO feedthrough induced error vector

Since I/Q axis of 1/Q constellation is moved by the LO feedthrough term of
(2-14), from Fig2.3, the <e(t)> is with the same magnitude of A4, and reverse

direction of AB. LO feedthrough suppression (LOFTS) in dB could be defined as

LOFTS = 101og@ =20 1og@ =201log B (2-19)
Fry Vix A(t)




, where Vot is Agc and Vrx is A(t). And then EVMy opr which is contributed by LO

feedthrough could simply be written as

e(t) A v LOFTS
EVM 1 opr = ==l = L0 =10 20 | (2-20)

A@)|  |A@) Vix

So, the equation (2.20) could help us to define system specification of EVM which is

degraded by LO feedthrough.

2.2.4 1/Q Imbalance

For single sideband modulation the amplitude and phase mismatches between I

and Q generate unwanted sideband signal. By using € and ¢ to represent amplitude

and phase mismatches between quadrature LO signals, respectively. At the output of
the modulator, the I and Q quadrature signals turn into a signal with an RF carrier, and

it can be expressed as

1+2(1 1+¢&)
RF,, 5\/ ¥ ol YOy ikt cos[a@.t+ @)+ ]
2 (2-21)
1-2(1 :
+\/ (+g)czosa+(1+g) cos[ 1~ 90+ ]
, where 6 and vy are
5= tan"! (I1+¢)sino (2-22)
1+(1+¢&)coso

y= tan”! —(l1-¢&)sino (2-23)
1-(1+&)coso

The upper side of (2-21) is the desired signal and the lower side of (2-22) is the
unwanted sideband signal. Hence the sideband suppression (SBS) in dB could be

calculated as

10



1-2(1+&)coso + (1+¢)?

SBS =10log >
1+2(1+¢&)coso+(1+¢)

(2-24)

Fig 2.4 Unwanted sideband signal induced error vector

After received by the receiver, the transmitter output is converted to baseband I and Q

channels as

BBIZ\/1+2(1+£)CZOSG+(1+€)2

. \/1—2(1+€) c2050+(1+€)2 cos(d(1) + ) (2-25)

= Ay, cos @(t) + Ag, cos((t) + B)

cos@(¢)

2
BB, = \/l+2(l+€)cosa+(l+€)
2
+\/1—2(1+€)c050'+(1+8)2

5 sin(¢(t) + ) (2-26)
= A, sin@(¢) + Ay, sin(@(t) + )

sin @(t)

, where B is (y-0). The received signal constellation could be affected by the unwanted
sideband signals as Fig.2.4 shown. When P is equal to zero, EVMgg which is

contributed by unwanted sideband is on the worst degradation and could be written as

11



e _
EVM,, 10 (2-27)

So, the equation (2-27) could help us to define system specification of EVM which is

degraded by I/Q imbalance.

2.2.5 Nonlinearity Influence

Transmitter usually operates well below its 1-dB compression point (P-145). Thus,
among the nonlinear effects, the third-order intermodulation of two nearby interferers
is the major EVM contributor. The input third order intermodulation interception
point is

Pinfo_PlM3 +P

IIP3 = i (2-28)

where Pinf, and Ping are out-band signal power in the output and input, and Ppvs3 are
in-band interference power of the 3" intermodulation product. Hence the interference
power could be written as

Pys=FH

inf o

+2P,;,—2IIP3=3P

> £o — 20IP3, (2-29)
where OIP3 is the output 3" intercept point.
The EVM caused by 3" intermodulation is just the square root ratio of the Prys to
the desired RF signal power (Prro), as following
Py —Pur 3P, ,—20IP3-P,,

A
EVM j, =—M3 =10 20 =10 20 . (2-30)
ARFO

And it could be used to define the system specification.
Since the nonlinearity in the transmitter is dominated by power amplifier (PA),
the distortion of PA contains the amplitude distortion (AM-AM) and phase distortion

(AM-PM). And the equation (2-30) just describes the intermodulation influence.

12



Furthermore the EVM degraded by PA is defined clearly in [4].

2.2.6 Total EVM

If all factors contributing to the degradation of the modulation accuracy are

uncorrelated, the overall EVM if the transmission signal can be expressed as

EVM,,,; = ZEVM,f
T (2-31)

= \/EVMz 151+ EVM? yppase + EVM? ciop + EVM? g5 + EVM? 5
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2.3 EVM in WiFi and WIMAX

EVM requirements for 802.11 are specified at -25 dB, which is required to

achieve a 10% packet error rate. For 802.16, EVM is held to -31 dB, which is based

on a 1% packet error rate. This lower error rate helps contribute to WiMAX longer

range. The difference between 802.16 and 802.11 is indicated in TABLE 1.

TABLE I Difference between 802.11 and 802.16

WLAN (802.11)

WiMAX (802.16)

Bandwidth

Fixed; 20 MHz/52
Subcarriers

Variable; 1 to 28MHz/256
Subcarriers

Guard Interval

Fixed at 1/4 * Symbol

Variable; Ranges from

Time 1/32 to 1/4 * Symbol Time
Spectral Efficiency 2.7 Mbits/s/Hz 3.1 to 3.8 Mbits/s/Hz
EVM Requirements -25dB -30 dB
Receive Noise Figure 10 dB Maximum 7 dB Maximum
Duplexing TDD TDD, FDD, HFDD
Spectrum Unlicensed Licensed & Unlicensed

Transmit Dynamic Range

Tx Power Fixed

50-dB Range

A proper specification of sources degraded EVM are defined in Table I from [5]

[6]. Since the EVM specification of 802.16 is stricter than 802.11, the RF transmitter

of WIMAX could meet the requirement of WiFi by shifting carrier frequency.

From Fig. 2.2, the 1/Q modulator includes two factors of degrading EVM, such

as LO feedthrough and I/Q imbalance. So, in this work, I/Q modulator with

eliminating LO feedthrough and I/Q imbalance are designed.
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TABLE II EVM contribution from each source

Source EVM (%) EVM (dB)
ISI/ICI 0.5 -46
LO Phase Noise 2.37 -32.5
Carrier Feedthrough 0.56 -45
I/Q imbalance 1.58 -36
Nonlinearity 1 -40
Total 3.11 -30.13
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2.4 Summary

The factors degrading EVM has been identified. We can realize how they
degrading EVM by some circuit characteristics, such as ISI or ICI rising after passing
channel filters, phase noise of synthesizer, unwanted sideband suppression, LO
feedthrough suppression, and the input third order intermodulation interception point.

The specification about EVM in WIMAX is -30dB. From the circuit
characteristics mentioned before, a proper specification for the factors degrading

EVM and the required circuit characteristics is defined.
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CHAPTER 3

Circuit Design for Direct Up-Conversion Mixer with
Matching Compensation Eliminating I/Q Imbalance
and LO Feedthrough in WiMAX and WiFi

Transmitter

The auto-compensation techniques for I/Q imbalance can be separated into two
kinds of feedback loops of power detection loop [7] and dummy path for extracting
error messages [8]. The power detection loop needs more iteration for achieving an
optimal condition and less additional hardware. The loop with dummy path for
extracting error messages can get error messages with less iteration but needs more
hardware.

However, the two feedback loops need an open loop circuit to tune the I/Q
magnitude imbalance and phase imbalance. In this work, I/Q modulator with an open
loop compensation circuit to tune the I/Q imbalance and LO feedthrough is presented.
Since LO buffers are originally needed, we design the LO buffers with magnitude and
phase tuning without another hardware. An auto-compensation algorithm is developed
for power detection loop with advantage of needing less additional hardware. By
applying the algorithm for co-simulated with the I/Q modulator, the specification of
EVM in Table II can be achieved.

The proposed 1/Q modulator in this thesis is shown in Fig. 3.1. The I/Q mixer is

based on conventional double balanced Gilbert Cell mixer with LO feedthrough
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adjustments. Before LO 1/Q signals is fed the I/Q mixer, LO buffers are placed to tune
the magnitude and phase of LO I/Q signals. The two stages of polyphase filter are

placed before I/Q buffer to generate quadrature LO signals for measurement

consideration.
I channel
1/Q modulator LPF
(" ) BB_I
RF <3 [« DAC [«—"
PA  ppp Driver RF VGA BBA
=
NS
BBA
<« HR le—{ DAC [« 2BQ
TX | | Polyphase ?channel
synthesizer Filter LPF

Fig. 3.1 Proposed I/Q modulator
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3.1 LO Feedthrough in Up-Conversion Mixer Consideration

The main advantage of double balanced Gilbert Cell mixer shown in Fig. 3.2 is
LO cancellation. However, LO feedthrough accompanies imperfect LO cancellation.
The LO feedthrough due to dc current offset induced by the transconductance stages
(M¢+ and M) device mismatch, switching stage device mismatch, and differential LO
signals imbalance, are identified in this thesis. A compensation method is developed

to suppress the LO feedthrough.

3.1.1 Factors of Inducing LO Feedthrough

First, we need to identify whether the switching stage (Ms;-Mss) or the
transconductance stages (M;; and M;) device mismatch of a double balanced Gilbert
Cell mixer causes a larger LO feedthrough. The switching stage (Ms;-Ms4) device
mismatch induces the DC current mismatch of Mg, and Mgz or Mg, and Mgg. This DC
current mismatch causes imperfect LO cancellation. However, it has less impact to
LO feedthrough since the double balanced mixer uses differential topology and can
suppress it. The DC current offset between the transconductance stages, My, and My,
is induced by the transconductance stages (M, M) device mismatch. If the DC
current of My, is larger than M, it should further degrade the current matching of Mg;
and Mg, or Mg, and Mgg. This effect can’t just be suppressed by differential topology.
Here, the Monte-Carlo simulations of LO feedthrough use Table III which is
supported in TSMC 0.18um technical documents for device mismatch reference. As
Fig. 3.3 and Fig. 3.4, the switching stage (Ms;-Msgs) device mismatch induces small
LO feedthrough and the two transconductance stages (M, M) device mismatch
induces larger one. So, the main factor degrading LO feedthrough is the

transconductance stages (Mg, My.) device mismatch. So, the DC current offset of the
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Table III TSMC 0.18um technical documents for device mismatch reference

1.8V NMOS 1.8V PMOS 3.3V NMOS 3.3V PMOS
oVth0 (mV) 3.635*geo_fac 4.432* geo_fac 6.227* geo_fac 4.525* geo_fac
oXL /L (%) 0.458* geo_fac 0.396* geo_fac 0.365* geo_fac 0.247* geo_fac
oXW /W (%) 0.373* geo_fac 0.326* geo_fac 0.298* geo_fac 0.201* geo_fac

oTox / Tox (%)

0.101* geo_fac

0.0873* geo_fac

0.0804* geo_fac

0.0543* geo_fac

Where geo_fac=1/sqrt(N*Leff*Weff) (1/um)

two transconductance stages needs to be compensated.

Besides DC current offset, there is another factor degrading LO feedthrough, the

differential LO signals imbalance. The differential LO signals imbalance can be

viewed as a common mode signal existing in differential LO signals. Since the source

couple pair is with high common mode rejection ratio, the LO cancellation could be

almost perfect. However, the differential LO signals imbalance could still enlarge LO

feedthrough when the Mg;-Ms, or the two transconductance stages (M, M;.) are with

device mismatch. If the DC current offset of the two transconductance stages can be

compensated, the differential LO signals imbalance can be ignored.

o

RF+

LO+ —l Ms; Ms; }—r{
LO

e )—;
L

Vbias

VDD

t—

.||_| |—-RF-

Vbias

Fig. 3.2 Double balanced Gilbert Cell mixer
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Fig. 3.4 Monte-Carlo analysis of LO feedthrough due to switching stage and

transconductance stage device mismatch

3.1.2 I/Q Mixer Design for LO Feedthrough Suppression

Gilbert cell is used for I/Q mixer topology with resonant loads of LC tanks and
current summation for combining I-channel and Q-channel signals as shown in
Fig.3.7. The I/Q mixer is designed with IIP3 of 10dBm and conversion gain of -7dB

at LO power of 6dBm. The total power consumption of I/Q mixer is 13.8mW.
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The DC current offset resulting from device mismatch of the two
transconductance stages needs to be suppressed to lower LO feedthrough. A
compensating circuit with IDACs has applied to compensate DC current offset of the
two transconductance stages in the I/Q mixer, as shown in Fig.3.7. The two switches
of Mis+ and Mis. or Mqs+ and Mgs. decide which transconductance stage of My and
M. or Mg+ and Mgy has less current and needs to be compensated. Since the IDACs
have quantization error, the compensation of DC current offset is imperfect. The
optimal resolution of the IDACs needs to be identified and ensures the quantization
error of it doesn’t degrade LO feedthrough too much.

The I/Q mixer is designed with output signal of 0dBm, since it has good linearity.
From Table II, LO feedthrough needs 45dB suppression relating to desired signal.
Since the desired signal power of the I/Q mixer in this work is 0dBm, the LO
feedthrough needs to be designed below -45dBm. By using the standard deviation of
device mismatch in Table III for Monte-Carlo analysis, the maximum allowed DC
current offset between the two transconductance stages can be identified. From the
result shown in Fig.3.5, the DC current offset between the two transconductance
stages needs to be set below SuA to obtain LO feedthrough of -45dBm. On the other
hand, the quantization error and the resolution of the IDAC have a maximum value of
5uA and 10uA. Besides, the maximum DC current offset of the two transconductance
stages can be obtained by Monte-Carlo analysis of the two transconductance stages
device mismatch. As the result of Fig.3.6 shown, the maximum DC current offset is
80uA. Two 4-bit IDACs are used to provide the compensation current with 0~150uA
to cover the maximum DC current offset and each bit resolution is 10uA in the 1/Q
mixer.

However, in practice the routing difference of double balanced mixer induces
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imperfect LO cancellation, and LO feedthrough is generated. An inverse phase of LO
feedthrough can be induced by using IDACs and then compensate it.

Since the DC current offset is with the order of 10" ampere, it’s hardly to sense
the current difference between the two transconductance stages. In this work, a
compensation algorithm is used to directly detect the power of LO feedthrough and
find the optimal compensation current with minimum power of LO feedthrough. This

algorithm is discussed in session 3.4.1.
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Fig. 3.5 Monte-Carlo analysis of LO feedthrough due to switching stage device
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3.2 1I/Q Imbalance Compensation Circuit Design for

Up-Conversion I/Q Mixer

3.2.1 I/Q Imbalance Equivalent Model

In homodyne system, the up-converter is composed of I/Q mixer, I/Q LO, and
summation circuit. Both imbalance I/Q baseband signals and imbalance 1/Q LO
signals bring magnitude and phase mismatches to the I/Q modulator. The mismatch
model of I/Q modulator is shown as Fig.3.8. After some calculations, all the non-ideal
effects due to both baseband and LO signals can be all refer to LO only, as indicated
in Fig.3.8. So by adjusting the magnitude of LO Q-path and phase of LO I-path, we

can compensate I/Q imbalance.

(A+AA | )cos(o0 ot+0,) Acos(® o t+0)
(A+AA 3 )cos(0 pt+0 ;) J\ Acos(apt)
L —& P
Q X Q X
(A+AA y)sin(ot+0,) \‘-/ Asin(o Y T/
(A+AA, )sin(o t+0,) (A+AA)sin(o ot)

Fig. 3.8 I/Q imbalance equivalent model

3.2.2 I/Q Imbalance Compensation Mechanism

I/Q mismatch could be compensated by adding some vector on I or Q path. A
simple I/Q constellation of QPSK is shown in Fig.3.9(a). In this work, both the

magnitude and phase mismatch will be manipulated using magnitude compensation.
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Fig. 3.9 (a) The constellation of QPSK and the error vector. (b) The error vector

analysis in I/Q plane

For example, from Fig.3.9(b) the I-channel signal accrue with non-quadrature phase
error relating to Q-channel. This phase error is mainly generated by <eq> and could
be taken away by tacking on some Q-channel signal which is with equal magnitude of
<eg> and in reverse direction of <eg>. An error vector <e;> can be referred to I-axis
and it can be thought as I channel signal induces magnitude error onto Q channel. If
this mismatch needs to be removed, we can increase Q-channel magnitude by ||<e>||.
Applying this mechanism, all magnitude and phase imbalance could be removed.

I/Q imbalance compensation method is separated into three steps in this work. In
Fig.3.10(a), first, the original I/Q constellation shows mismatch is appeared and the
Q-path signal is set to be phase reference. Second, there is non-quadrature phase error
in the I-path, so the I-path signal is added by some ratio of the Q-path signal to
compensate its phase and this phase error can be removed as shown in Fig.3.10(b).
During phase compensation, magnitude mismatch arises, so the final step is to adjust
the Q-path magnitude equal to the I-path, shown in Fig.3.10(c). Through these three

steps 1/Q imbalance could be removed.
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Fig. 3.10 I/Q compensation steps of (a) with original I/Q constellation point,(b) with
compensating phase error of I-channel, and (3) with compensating magnitude error of

Q-channel.

Since digital control is used, the resolution of each control bit needs to be defined.
If each control has resolution of Ag, the compensation method has compensation error
of Ag/2. From Fig.3.10(c), if magnitude and phase adjustments have compensating
resolution of 6Aq and pAj, the compensation error from resolution of digital control is
(pPAr+6Aq)/2. The specification of EVM contributed by 1/Q imbalance is set to be

1.58% in Table II. From EVM fundamental equation calculations, we can get:

4,(c+p)2

<1.58% 3-1
\/EAI cosd ’ G-D
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If the maximum phase error 0 is supposed to 15°, the Eq.(3-1) above could be

simplified as

A,(o+

AP _ o py<a32% (3-2)
Al

The ¢ and p are designed as 2% and 0.7% respectively for over-designed. EVM from

o and p chosen in this work can be 0.95% by Eq.(3-3). From Eq.(2-27), the unwanted

sideband suppression can be calculated as -40.4dB relating to desired signal.

A,(oc+p)/2

EVM =
\/EA, cos@

(3-3)

3.2.3 LO I/Q Bufter Design

Since the I-path of LO needs to be added by the ratio of p to Q-path to achieve
I/Q phase imbalance compensation for I-buffer, the current mode operation is used as
shown in Fig.3.11. The voltages of LO; and LOq are translated to currents by
transconductance stages and then summed at the output node. The load of Zy, is put in
the output node to translate the current to voltage again. From foregoing analysis, the
Gm2 needs to be with the resolution of pGp. The magnitude compensation for
Q-buffer also uses this scheme as shown in Fig.3.12. The AGp3 needs to be with the
resolution of 6G3.

The LO I/Q buffers in Fig. 3.13 is designed to achieve the schemes discussed
above. In I-buffer three source couple pairs act two different characteristics in I- or
Q-buffer in Fig. 3.13. The two source couple pairs of M;; and M4 or Mj, and M;; are
with different bias current by IDACs of i4; to generate Ag,between M;; and M;; or
M;; and Mj, as the same as Gy, in Fig. 3.11. The other one of Mjs and Mj¢ is offered

constant g, as the same as Gy, in Fig. 3.11. In Q-buffer the source couple pair of Mgs
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and Mg is with linear gp, to IDACs of ig as the same as Gz in Fig. 3.12. The I-path of

LO in Fig.3.13 is without any effect since the two source couple pairs of My and My,

or M and Mgs are with identical bias current.

LO,

Fig. 3.11 Current mode operation of I-buffer

LOQ LOQout

Zy

L

Fig. 3.12 Current mode operation of Q-buffer

The I/Q imbalance due to loading effect produced by I/Q buffers can be ignored
since they are identical. In I-buffer, Q-path signal is combined with I signal to tune the

phase of I-path. Complementary IDACs of +ig; drive the two source couple pairs to

get small g, variation of Q signal in I buffer. Hence we can get I, from Eq.(3-4).
(3-4)

L, = |:AQ 'Z(gmil _gmi3)+AI -ng,-;,]'R

, Where gni; and gnis are g, of Mil and Mi3, respectively. The two 4-bit control

signals are designed to control this complementary and bidirectional IDACs. The
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resolution of the IDACs needs to be set to make gni; and gniz as Eq.(3-5) shown
(it = iz )/ Gois = pAy A4, =2% (3-5)
However, the resolution of IDACs roughly make the phase vary with 1° from Eq.(3-6)
sin”'(2%) =1.1° (3-6)

Q bufter are implemented by exchanging the input signals of I buffer, as shown
in Fig. 3.13. Since the I-path of Q buffer is without DC current variation and gmq and
gmg3 are always the same, the I-path contributing to Q.. 1s equal to zero. And the
source couple pair of Mys and Mg is used to achieve variable magnitude function of
the Q-path signal by changing the IDAC of i4,. The resolution of the IDAC controls

gm variation with
Ag, s /gmq5 =204, /AQ (0)=0.7% (3-7)

Since the IDAC needs to be bidirectional to increase or decrease the Agys, the 10-bit
control signal is designed to control this bidirectional IDACs.

The gmn of Mij~Mis in response to Ip; is shown in Fig.3.14. There are three
biasing regions to choose. In the high slope region the Ag, is large with high
sensitivity to Ip. The power consumption can be saved for M;;~Mis but not the case
for Mis~M;s. With the larger Agy, the gmiq5 and gmi g6 should also be larger in response.
This leads to even larger power consumption. Meanwhile, the i4; needs to be small
enough to obtain the desired linear variation. The low slope region is also undesired
with the high biasing current but insufficient compensation capability. Consequently,
the medium slope region is a preferred choice.

As the design result, the linear g, variation along with ig; varying from
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-0.32~0.32 mA is achieved by a source couple pair with tail current of 1.4mA, as
shown in Fig.3.15. Fig.3.16 shows the linear response of Agy, of (gmii-gmi3) or
(gmi2-Emia) to 141. Two 4-bit IDACs are used for both directional tuning, such that each
direction has 15 tuning steps. For the dynamic range of 0.32mA the current increases
by 21uA for each step. The resolution of the IDACs is set as 21uA. The Ag,, versus
control bits are with slope of 0.28mS/bit. With Ag,, decided, the gmis ¢ is set as 14 mS

from Eq.(3.8) and Fig. 3.17.

gm o =Ag, /2%=14mS (3-8)

The value of Ip; has been designed accurate as above. Then the parasitic effects
in high frequency operation should be considered. In respect of this, the value of Ip,
needs to be fine tuned without changing Ip; and i4;. Fig.3.18 and Fig.3.19 shows the
simulation results for high frequency operation. The optimal Ip, setting is found at
1.8mA, fulfilling the requirement of Eq.(3-7).

Fig.3.19 shows the linear g, variation with Ip, as Ip, being around 1.8mA. Hence
the Ip, can be used for magnitude tuning in Q buffer. From Eq.(3-2-5) each Ip, tuning
step for magnitude tuning is set as 0.7%. With this setting simulation result shows the
Zmqs Vvariation to Ip; as 2.022mS/mA. Consequently, the 14, in Q buffer is set as 20uA.
The final I/Q buffer simulation results are shown in Fig.3.20 and Fig.3.21, for the
phase tuning of I-buffer and the magnitude tuning of Q-buffer, respectively. Each step

of phase tuning and magnitude tuning are 1° and the ratio of 0.07. In later section the

LO I/Q bufter are combined with the I/Q mixer and the compensation algorithm are

used to implement the I/Q imbalance compensation.
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3.3 Algorithm for I/Q Imbalance and LO Feedthrough

Compensation

The compensation algorithm is with the order of LO feedthrough, 1/Q phase
imbalance, and I/Q magnitude imbalance. Since the I/Q phase imbalance causes
magnitude of I-path varying simultaneously. It needs to put the I/Q phase imbalance

compensation before I/Q magnitude imbalance compensation.

3.3.1 Algorithm for LO Feedthrough Compensation

In LO feedthrough compensation mode, an extra closed loop needs to be
designed with pre-amplifier, power detector, sample-and-hold circuit, and comparator.
Baseband signals are not to be fed the I/Q mixer. So LO signals at output node can
directly be detected by PD. First, the initial LO feedthrough is detected by PD and
sampled and held by S/H. Second, the IDAC of the I/Q mixer is changed with one bit
of LSB (less significant bit), and LO feedthrough is detected by PD. Since the
previous state of PD output is held in S/H, the comparator can be used for deciding
which one is larger. With this method, the direct aspect of decreasing the bits of
IDAC:Ss or increasing the bits of IDACs can be identified, and also which sides of My
and Mj. or Mg and Mq. in Fig.3.7 needs to be compensated. The completed
algorithm is indicated in Fig.3.22. The algorithm would stop when the comparator
switches the polarity. This means it has found the optimal compensating current for
minimizing LO feedthrough in previous state and in the current state LO feedthrough
is enlarged by undesired compensation current. So, this algorithm could find the
minimum values of LO feedthrough under the condition of no baseband signals.

Since the routing difference results in LO feedthrough as mentioning in session
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3.1.2, the post-simulation uses this algorithm to get a minimum LO feedthrough. First,
the Q-mixer is compensated with the bit number of IDACs from initial 0 to 10 as
Fig.3.23 shown. Second, the [-mixer is compensated with bit number of IDACs from
initial 0 to 10 as Fig.3.24 shown. After compensation, a -60dBm power of LO

feedthrough can be obtained.

LO Mode & Baseband test
signal=(0,0), C, 0=0

Sample signal
and hold
4@
CLo=CLo*K CLo=Cro*K
Compare two state signal Compare two state signal

v
Comparator=0 Comparator=1 Comparator=0 Comparator=1
ND

Sample signal | Sample signal
and hold A and hold
v v
CLo=Clo*K CLo=CLo*K
Compare two state signal Compare two state signal

Comparator=0 Comparator=1 Comparator=0 Comparator=1

Fig. 3.22 Algorithm for LO feedthrough compensation
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Fig. 3.24 The post simulation result of I-mixer by using LO feedthrough

compensation algorithm

3.3.2 Algorithm for I/Q Phase Imbalance Compensation

The phase imbalance generally is hardly to be directly sensed since the signal is

up to Giga hertz and 1/Q signal has been combined at the output of I/Q mixer. If an
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extra path is created to help sense the phase difference, the path might contribute gain
imbalance or phase imbalance simultaneously. In this work two sets of baseband test
signals are used without extra hardware in RF block to avoid another imbalance
contribution. By feeding baseband signals of I-path and Q-path with two in-phase
signals and two reverse-phase signals, the error message would appear in the form of

magnitude as indicated in Eq.(3-9) and Eq.(3-10).

RF,_ 1.4y = COS @)t - COS(W, ot + 6) + €OS @) - SIn @)

=132 -\1=sin@- cos[(a)w — ;. )t+tan”' (1-sin @)/ cos 9} (3-9)
+1/72-1-sin 8- cos[(a)w +a),F)t+tan_l(l—sinﬁ)/cosﬂ

RF ), 44y = COS Wyl - COS(@, o + ) = COS D)1 - SIN D)t
=1/72-\1+5in 8- cos[(a)w — @, )t—tan"'(1+sin @)/ cos 6’] (3-10)
+1/4/2 -/1+5in 8- cos[(a)m o} a),F)t—tan_l(1+sin0)/cost9}

The phase error appears as (1-sinf) and (—(1+sinf)) and affect their magnitude. S/H
and comparator could be used for detecting the two different output signals and
distinguishing which one is larger. First, the output power is detected by PD and held
by S/H with in-phase baseband signals of (A, A). Second, the output power is detected
by PD with reverse-phase baseband signals of (A, -A). Since the previous state of PD
output is held in S/H, the comparator can be used for deciding which one is larger. If
the case of in-phase baseband signals of (A, A) is with larger/ smaller power, the
phase of I-path needs to be increased/ decreased by IDACs of LO I-buffer. When
compensating the phase in the direct aspect, the power difference between these two
vectors would be decreased. Repeat these steps until the comparator switches the
polarity. This means it has found the optimal compensating current for minimizing

phase imbalance in previous state and phase imbalance is enlarged by undesired
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compensating current in the current state. However, another advantage of the method
by using the test vectors is the information of phase error could indirectly be
calculated by (3-11) and (3-12) when circuit measurement. The completed algorithm

is shown in Fig.3.25.

1-sin@
P(A,A) ]dBm—P(A,_A) ]dBm =M=1010g(m) (3-11)

AP
L 1-101
AP

1+1010

6 =sin (3-12)

Phase Mode & Baseband test
signal=(A,A) and (A,-A), Cy,=0

v

Sample result of (A,A) and
compare with (A,-A)
I

Comparator=0 Comparator=1

!

Cphchh"'K Cph=Cph+K
Sample result of (A,A) Sample result of (A,A)
and compare with (A,-A) and compare with (A,-A)

Comparator=0 Comparator=1 Comparator=1

.‘-

Fig. 3.25 Algorithm for I/Q phase imbalance compensation
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Fig. 3.26 The post simulation result of I/Q mixer by using I/Q phase imbalance

compensation algorithm

The post-simulation result is shown in Fig.3.26. The initial power different due
to phase imbalance is -1.7dB and the case of in-phase baseband signals of (A, A) is
with smaller power. So, the bit number of the IDAC of LO I[-buffer is decreased. With
bit number of -10, the minimum phase difference can be obtained. From Eq.(3-12),

the initial phase error can be obtained as 11°. Since each bit of phase compensation
can adjust the phase with 1°, the compensating phase of the post-simulation is 10°. So,

the Eq.(3-12) is pretty correct.

3.3.3 Algorithm for I/Q Gain Imbalance Compensation

In gain imbalance calibration, baseband test signals are needed. Since I/Q gain
imbalance is wanted to detect, the baseband signals of I/Q path could be respectively
fed with another path shutting down. Since I-path is used for magnitude reference,

S/H and comparator can be used for distinguishing which path of I or Q is with larger
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magnitude. First, the magnitude of I-path is detected by PD and sampled and held by
S/H. Second, the magnitude of Q-path is detected by PD. Since the previous state of
PD output is held in S/H, the comparator can be used for deciding which one is larger.
Third, if the magnitude of Q-path is smaller or larger, the bit number of IDACs of LO
Q-buffer is increased or decreased to get larger or smaller magnitude. Then, repeat
these steps until the comparator switching the polarity. This means it has found the
optimal compensating current for minimizing magnitude difference in previous state
and in the current state magnitude difference is enlarged by undesired compensating
current. The completed algorithm is shown in Fig.3.27.

The post-simulation result is shown in Fig.3.28. The initial magnitude different is
1dB and the Q-path is with smaller magnitude. So, the bit number of IDACs of LO
Q-buffer is increased. With bit number of 11, the minimum magnitude difference can

be obtained.

Magnitude Mode & Baseband test
signal=(A,0) and (0,A), Cinag=0

v

Sample result of (A,0) and
compare with (0,A)
[

Comparator=0 Comparator=1

Cmag=Cmag+K Cmag=Cmag+K
Sample result of (A,0) Sample result of (A,0)
and compare with (0,A) and compare with (0,A)

A
Comparator=0 Comparator=1 Comparator=1 Comparator=

|o

Fig. 3.27 Algorithm for I/Q gain imbalance compensation
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3.3.4 Post Simulation Result with Compensation Algorithm

Due to routing difference and mismatch, the LO feedthrough can be suppressed
as 32.61dB and the unwanted sideband can be suppressed as 20dB relating to signal
power as Figure.3.29 shown.

After finishing the compensation algorithm above, the LO feedthrough can be
suppressed as 59dB and the unwanted sideband can be suppressed as 43.54dB relating
to signal power as Figure.3.30 shown. The EVM could be calculated as 0.67% by Eq.

(2-31).
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Fig. 3.30 The simulated spectrum by post simulation after compensating
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3.4 Summary

Since double balanced mixers are with perfect LO cancellation, some factors of
device mismatch, DC current offset, and imbalance LO can degrade LO cancellation
and induce LO feedthrough. The main factor is the DC current offset due to the
transconductance stages device mismatch and the DC offset from baseband signals.
By using two sets of IDACs in the I/Q mixer, the DC current offset can be
compensated. The LO feedthrough can be suppressed below -45dB relating to desired
signal power after compensation.

A simple I/Q imbalance model has been translated in Fig.3.8. We can adjust the
phase of LO I-path and the magnitude of LO Q-path to achieve I/Q matching. Since
the digital control is used, the resolution of tuning phase and magnitude for I-buffer
and Q-buffer needs to be proper defined. In this work, after choosing proper
resolutions, the sideband signals can be suppressed below -40dB relating desired
signal power.

The direct up-conversion I/Q mixer, LO buffers, and the two IDACs in the I/Q
mixer form an open loop for compensation. An algorithm is needed to achieve a
feedback loop by additional pre-amplifier, power detector, sample-and-hold, and
comparator for auto-compensation. The algorithm is developed in this work without
feedback loop implement, and is verified by co-work with post simulation.

The performance summary is shown in Table I'V.
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TABLE IV Performance summary of simulation results

Performance
Technology TSMC CMOS 0.18um
DC Supply Voltage 1.8V
LO power 4 dBm
Voltage Conversion Gain -7dB
P -6 dBm
11P3 10 dBm

Error Magnitude Tunable Region

0.8~1.2 (per Step 0.07)

Error Phase Tunable Region

-15°~15°(per Step 1°)

Sideband Suppression

>40dBc

LO Feedthrough Suppression

>50dBc

Power Consumption (mW)

33.7mW+ 10.3mW(RF Buffer)
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CHAPTER 4 Circuit Implement and Measurement

4.1 Circuit Implement

The 1/Q up-conversion mixer is fabricated with TSMC 0.18um technology. The
die micrograph of the I/Q up-conversion mixer is shown in Fig 4.1. This circuit
contains a polyphase filter, I/Q mixer, LO buffers, and 3-wire for feeding control
signals. Besides, the ESD I/O pads are placed before the 3-wire inputs which are

VDD, GND, Din, CLK, Clear, and Enable.

e
SR
AEOEE 00

CEIEE AR
BAOE Eclum‘j

Y
"y

Fig 4.1 Die micrograph
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4.2 Circuit Measurement

The measurement setup is shown in Fig. 4.2. All the pads in the chip are
connected to PCB by bond-wire. The input signals of 3-wire is fed by Labview and
the printer port (parallel port) in PC. Since differential topology is used in this circuit,
the signals of LO and IF need on-board baluns to be translated into differential signals.
The RF outputs also need an on-board balun to be translated into single-end signals.
Finally, the spectrum analyzer is used to measure the power of wanted signal, LO

feedthrough, and unwanted sideband.

Agilent Signal Agilent Signal
Generator 1 Generator 2
LO IF,
Balun Balun
Computer
& Labview I RF Agilent
[ N— -— Chip on Board | | 5., - Spectrum
- 3" To 3-Wire Analyzer
Printer Port

1F;
Balun

Agilent Signal
Generator 3

Fig. 4.2 Measurement setup.

For the sake of placing few vias or contacts between the two metal layers or the
diffusion and the metal 1 layer as Fig.4.3 shown, the resistance between them
becomes too large, so that the 3-wire circuit is latched-up. When VDD of the 3-wire is
fed with 1.8V, large DC current of 43mA occurs and the function of the 3-wire fails.
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Hence the control signals can’t be fed the 1/Q up-conversion mixer. However, the

performance of I/Q mixer without any compensation could just be measured.

lrﬂrtﬁlm

Fig. 4.3 Layout view of D-type flip flop cell

The measurement results of the conversion gain, unwanted sideband suppression,
LO feedthrough suppression varying with input power level and LO frequency
2.4GHz to 2.7GHz are shown in Fig.4.4, Fig.4.5, and Fig.4.6. The P.4qg can be
identified from Fig.4.4, and is 5dBm. The conversion gain measured degrades much
than the simulation results. After the on-board baluns characteristics have been
measured by 4-port measurement and saved as touchstone file, they can be put
together with circuit simulation. From simulation results, the conversion gain
degraded by on-board baluns could be identified. In Fig. 4.7, the result of the circuit
simulation with measured on-board baluns degrades the conversion gain with 15.5dB
than the one with ideal baluns. We modify the measured conversion gain with adding
the on-board baluns loss of 15.5dB and get Fig. 4.8 at 2.6GHz. After all, the
conversion gain is higher than -11.15dB with LO frequency from 2.4GHz to 2.7GHz.
The conversion gain versus LO Frequency is shown in Fig. 4.9. The resonant
frequency of mixer output LC tank is shifted relating to original design with resonant

frequency of 2.5GHz.
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The LO I/Q signals is generated by a two-stage polyphase filter, so we can verify
the design by tuning the phase and magnitude of LO signals. An equivalent model can
be used for verifying our design as Fig.4.10 shown. We can adjust the phase and the

magnitude of baseband I/Q signal to verify our design.

(A+AA [ )cos(w) o t+0,) Acos(o, 1)
(A+AA ;)cos(0pt+05) Acos(ot+6)
| X | X
Q X Q (X)
(A+AA ) )sin(ot+0 ) \r (A+AA)sin(opt) \r
(A+AA, )sin(oy t+0,) Asin(o, t)

Fig. 4.10 I/Q imbalance equivalent model II

Use another die for measurement. After adjust the phase between the baseband
I/Q signals to compensate the phase imbalance, the sideband suppression can achieve
14.3dB and the LO feedthrough suppression can achieve 40dB as Fig.4.11 shown. The
magnitude compensation works after the phase compensation. With the algorithm
mentioned in session 3.5.3, the spectrum of only I-path or Q-path baseband signals
fed is shown in Fig.4.12 and Fig 4.13. The power difference between I-path and
Q-path is 3.4dB. After enlarging the power of I-path with 3.4dB, the sideband
suppression can achieve 38.5dB as Fig. 4.14. From Eq.(2-31), the EVM is 1.77% and
meet the specification. If the 3-wire is on working, we ensure that a pretty good

performance could be measured.
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Fig. 4.11 Spectrum measured after phase compensation
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Fig. 4.12 Spectrum measured with baseband signal I-path turning on
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Fig. 4.13 Spectrum measured with baseband signal with Q-path turning on
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Fig. 4.14 Spectrum after the phase and magnitude compensation
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4.3 Summary

The 1/Q up-conversion mixer is fabricated with TSMC 0.18um technology
composed of a polyphase filter, I/Q mixer, LO buffers, and 3-wire for feeding control
signals. The ESD I/O pads are placed before the 3-wire inputs which are VDD, GND,
Din, CLK, Clear, and Enable.

The 3-wire circuit is latched-up during measurement. Then the performance of
up-conversion I/Q mixer can be measured without any compensation. The conversion
gain, P_j4, sideband suppression, and LO feedthrough suppression are measured as

maximum values -11.15dB, 5dBm, 15dB, and 8dB, as Table V shown.

TABLE V Performance summary of simulation results

2.4GHz 2.5GHz 2.6GHz 2.7GHz
P_145 (dBm) 5 5 P 5
Conversion
Gain (dB) -4.35 -7.25 -8.95 -11.15
LOFTS (dB) * 8 0 -10 -10
Sideband
Suppression >15 >15 >15 >15
(dB)
Power
Consumption 50.4 mW
(mW)

* IF power of 0dBm

Use another equivalent model of I/Q imbalance as Fig.4.6 shown. The manual
I/Q imbalance compensation can be achieved by adjusting the magnitude and phase of

baseband I/Q signals. After manual compensation, the LO feedthrough suppression
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and sideband suppression can be achieved as 44.6dB and 38.5dB. After calculation,
the equivalent EVM is 1.77%. After manual compensation, the performance measured

in this work is compared with other I/Q compensation circuits as Table VI shown.

TABLE VI Performance comparison to other circuits

This Work [9] [7] [10] [11]
Sideband
Suppression 38.5 48 - - 49.6
(dB)
LO
Peedthrough | 4 30 . . 453
Suppression
(dB)
EVM 1.77% 3.19% * 2.24% 3.2% 0.636% *
Power 50.4
Consumption | (Including 16mA 302 (TX) 324 (TX) -
(mW) RF Buffer)

*Calculated by Eq. (2-31)
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CHAPTER 5 Conclusion and Future Work

5.1 Conclusion

In this work a direct up-conversion I/Q mixer is designed with matching
compensation eliminating I/Q imbalance and LO feedthrough for WiMAX and WiFi
transmitter. LO buffers are employed in front of I/Q mixer to compensate the 1/Q
imbalance of this transmitter chain. Two IDACs are employed in the I/Q mixer to
compensate the DC current offset and eliminate the LO feedthrough.

Since digital control is used, the resolutions of I/Q imbalance compensation and
the compensating IDACs needs to identified to meet the system specification. After
choosing proper resolutions, the unwanted sideband signal due to the I/Q imbalance
and the LO feedthrough signal can be suppressed at least 40dB and 45dB,
respectively.

The direct up-conversion I/Q mixer, LO buffers, and the two IDACs in the I/Q
mixer form an open loop for compensation. An algorithm is needed to achieve a
feedback loop for auto-compensation. The algorithm is developed in this work, and is
verified by co-work with post simulation.

From measurement results, the 3-wire circuit is latched-up. Hence the control
signals can’t be fed the I/Q up-conversion mixer. The manual I/Q imbalance
compensation can achieve by adjusting the magnitude and phase of baseband I/Q
signals to get sideband suppression of 38.5dB. This could be used to verify the

compensation method we proposed.
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5.2 Future Work

The 3-wire needs to be redesigned to avoid the latch-up. Furthermore, we can use

cell-based models and synthesis tools to generate automatically the 3-wire.

A feedback loop composed of a power detector, a sample-and-hold circuit, and a

comparator needs to be designed for auto-compensation. Since the power of LO

feedthrough is tiny for power detector, we need to insert a pre-amplifier in front of the

power detector during LO feedthrough compensation. The circuit architecture is

shown in Fig.5.1.

LO leakage

PD

Gain/phase error
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i

PD buffer
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Fig. 5.1 The feedback loop for auto-compensation
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