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Miniaturized wideband 1/Q mixer

Student: Yang-Da Cheng Advisor: Dr. Chi-Yang chang

Institute of communication engineering

National Chiao Tung University

Abstract

In this thesis, an I/Q mixer with operating frequency 2GHz to 6GHz is designed and
fabricated. An I/Q mixer comprises three basic components, namely, a wideband coupler, a
power divider and a single-balanced mixer. We will first discuss the design procedure of each
component and then describe the implementation and integration of them to form a complete
I/Q mixer.

The whole I/Q mixer should be integrated into a substrate of a size less than 1 inch by 1
inch. The finite ground plane coplanar waveguide (FCPW) on the AI203 (with dielectric
constant of 9.8) substrate is chosen to implement all circuit elements.

The wideband three-section quadrature coupler is the most difficult part among three
basic devices. In the tightest center coupling section, we propose a 6-line Lange coupler to
achieve it. We also propose a method to improve the return loss performance of the quadrature
coupler. The rat race ring 180 degree hybrid is used to implement the single-balanced mixer.
In order to reduce circuit size and increase the bandwidth, a twist line phase inverter is used to
replace the halve-wave 180 degree phase shifter of the conventional rat race ring. Besides, the

diodes is placed inside the ring to further reduce the circuit size.
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Chapter 1
Introduction

I/Q mixer is an important component in modern communication system. It is
essential in homodyne transceiver. In this thesis a minimized wideband I/Q mixer is
fabricated with following specification.

RF bandwidth : 2-6 GHz
LO bandwidth : 2-6 GHz
LO power : 1543 dBm

IF bandwidth : DC-200MHz

I-Q phase difference when down conversion is performed : 90+10 degree

The circuit should be integrated in a one inch by one inch Al,05; substrate with a
dielectric constant of 9.8, so circuit size is an important factor when designing each
subcircuit. There are three component to form an I/Q mixer. Figure 1-1 show the

schematic of an I/Q mixer.

Mixer

0° 0°

l

o

Mixer

Figure 1-1 Schematic of an I/Q mixer.



An I/Q mixer consist of one power divider, one quadrature coupler and two mixers.
The two IF output will have a 90 degree phase difference. The wideband directional
coupler is the most difficult part of the whole circuit. Multi-section quadrature coupler
technique will be used. From [1], at least three sections can satisfy a 100% fractional
bandwidth. There are some problems that we have to solve. First, in order to achieve
tight coupling at the center section, the line width and slot width would be very small.
Second, the discontinuity effect between each coupled line section should be as small as
possible. Third, the difference between even mode and odd mode phase velocity should
not be too large. In center section of the three-section coupler, 6-line lange coupler is
applied to achieve tight coupling and the proposed meander ground strip can improve
the return loss performance. The design procedure and measurement results will be
displayed in chapter 2.

In chapter 3, a two-section Wilkinson power divider is fabricated. Compared with
other subcircuits, this part is much simpler. It is a great help to minimize circuit size if
CPW transmission line is used.

The bandwidth specification of this I/Q mixer has a 100% fractional bandwidth. It
is hard for conventional I/Q mixer to achieve such a wide bandwidth or the bandwidth is
depicted as IF bandwidth not RF and LO bandwidth. Besides, there are many I/Q
mixer’s IF bandwidth cannot start from DC. Problems described above are the main
issue when we choose the structure of the mixer. In chapter 4, a single-balanced mixer
is designed and realized.

In chapter 5, three devices are combined to form an I/Q mixer. The measurement

methods and results are displayed.



Chapter 2
A wideband 3-db directional coupler

Couplers can be found in almost every RF system. In particular, the 3-dB
quadruature coupler is an indispensable building block in a large number of RF circuits
such as balanced amplifiers, balanced mixers, frequency discriminators, phase shifters,
(de)modulators, and feeding networks in antenna arrays. CPW structures facilitate
devices to be grounded with low inductance, avoiding via holes. The difference between
even and odd mode phase velocities in a CPW directional coupler is very small, which
gives better directivity and a better performance when compared to the microstrip based
directional coupler

In this chapter a quadrature 3-dB coupler is designed and fabricated. Because of
the specification of the IQ mixer, the coupler must be operated over 2-6GHz. The
natural choice for an extended bandwidth coupler is the multi-section line coupler. The
most challenging part of the multi-section quadrature 3-dB coupler is its tight middle
section and to minimize the discontinuity effect between the lose coupling outside
sections and the middle section. According to [1], at least three sections are needed to
satisfy bandwidth requirement and appropriate ripple level. The interesting part of this
coupler is the meander ground at the middle section which make our design more

flexible.



2.1 Theory

Input @ @ Direct

port port

Isolated Coupled
port @ (3) port

Figure 2.1: A directional coupler
A directional coupler has four ports , which are labeled as “Input” > “Direct”, ”
Coupled” and “Isolated”. There are three parameters to describe the characteristic of the

directional coupler .

Coupling(dB) = IOIOg%
3

Directivity(dB) = 10log >
4

Isolation(dB) = IOIOg%
4

Where P; is the input power at port 1, P; and P, are the output power at port 3
and port 4, respectively .In an ideal case , there is no power transmitted out at the
isolation port. In practice, a small amount of power transfers from the Coupled port to
the Isolation port.

If we assume a TEM mode propagation, then the electrical characteristics of the
coupled line can be determined by the phase velocity and the effective capacitance

between the line.

1
Z —
oe
VpeCe
1
Z —
00
VpoCo



The schematic of a directional coupler is shown in Fig 2.1-1. Since it’s a
symmetric structure, we can analyze the circuit by using even- and odd-mode analysis.
Fig 2.1-1 and Fig 2.1-2 show a CPW couple line with even mode and odd mode
excitation.

For the even mode, the electric field has even symmetric about the center line, and
no current flow between two conductors. The capacitance of either line to ground for

the even mode is C, = C;;= C,,. Then the characteristic impedance for the even mode

1
is Zpe = m where Vpe is the phase velocity of the wave.

Figure 2.1-1: Even mode

For the odd mode, the electric field has odd symmetric about the center line.
Virtual ground exist between two conductors. We can imagine this as a ground plane
through the middle of C;,.Hence, the effective capacitance of either conductor to

ground for the odd mode is C, = C;;+ 2C;,. The characteristic impedance for the odd

1
mode is Zyo = C. where Vpq s the phase velocity of the wave
Vpolo

c11 C12 c22

Figure 2.1-2: Odd mode



A pair of coupled line form a four-port device with two planes of reflection

symmetry, As a result, the scattering matrix of this four port device has only 4

independent elements.

SZl S31 S4—1
Sll S41 S31
S41 S11 SZl
S31 S21 Sll

In performing the even mode and odd mode analysis will be to determine the

scattering parameters. To accomplish this, we need to determine voltage V;,i=1..

By applying superposition V; =V +V?,i=1..4

Figure 2.1-3:

(b)

.4,
in
Z 0 Vi v Z P
WA= = —/W \'1
‘1 I, 1
Vs Ve .o
'\.j'\‘. JA\ /—| 3 4]/ \,-’\.-‘ —J'
— —
z 0 I 3 14 Z 0 —
(a)
0
Zin
vs 2o o | Vi v9 Zo_
_Zél_‘f\(v\ v {\_/ ) .""\f 1 — 2/ \fl#‘
I L (4] I 0 I 0
2-=0 = 1 T 2.\=0 =
o 0
Vs A V3 Va
‘i'—f% \I.—/\f"\f\,,—ﬁ _“,H\.f‘-/\’\j
e =\ \) o
Ig 0o L W 7, I g Lo L

The excitation is decomposed into even mode and odd mode excitation

(a) Original excitation (b) even mode excitation(c) odd mode excitation

e _
Zin_

o _
Zin_
e

V1

¥

ZO+jZOe tan©
Oe ZOe+jZO tan©
Z0+jZ00 tan 0
0o Z00+jZO tan 0

0
V0 Zin
1 — 0
Zo+ Zin
0=
0



Vi Vi+V?

Z- = =
mn Iy g +19
2 (28,70 —72
— ZO + ( in“in 0)

2Zo+ Z5,+Z9,

Ifwelet Zy = \/ZpeZo, and replace it into Z;;, and Z,

n 08 [Zoe+iv/Zoo tan
n 00 /Zoo+ivZoe tan 0

anzfn = ZoeZoo = Z(z)

And Z;, reduce to Z,. Because it’s a symmetric structure, all ports will be matched

aslongas Zg = /ZoeZloo s satisfied.

To obtain Vj:
e (o)
Zin _ Zin ) ( -Ve — Ve VO — —VO)
Zo+ 28 | Zo+ Z8, W/ 1,73 1

an Zo + jZgetan® N VZoeZoo + jZgetan®d
Zo+ an 2Z0+j(Zoe+ZOO) tan 0 2,/Z03Z00+]‘(20e+200) tan 0
Z?n _ —\/ZOeZOO + ]ZOOtane

Zot Zion B 2\/ZoeZoo+j(Zoet+Zoo) tan o

Vo, =V5 + V9 =V(

_ Zoe—Zoo
_ j(Zoe—Zgo) tan _ JZoe+Zoo tan®
2\/ZoeZoo+j(Zoe+Zoo) tan b 2—\/2092004.“3119
ZoetZoo

Zoo—7
define C = =% =%
ZoetZoo

jCtan®

Vs = V(\/ 1-C2+jtan 9)



To obtain Vj:
V,=VE+VO=VE—V2 =0

To determine V,:
Because V, = V5 + V7, we derive V5 4+ V2 by using ABCD matrix

cos O —jZye SIN O

e =] .1 i
—j=—-sin0 cos 0 I
Zoe

Ze
Vze:cosO(Vﬁ)+( ]ZOesmO)( ze )
Vg =
cosO(V VZoeZoo + jZoetanod )—]sme(V e+ \ZocZogtant_

2 ZOeZOO+j(ZOe+ZOO)tan9 2 ZerOO+](ZOE+ZOO)tan9

For the same reason V:
v =

ZoeZ + jZootan®d + jv/ZpeZgo tan B
COSG(V oetoo J4oo >—]Slne(v 0o J\/ 4oetoo )

2 ZOeZOO+j(ZOe+ZOO)tan9 2 ZerOO+](ZOE+ZOO)tan9

V, = V5 + V3

= cos0 ——— —
. . Z0e+ZOO+] ZOeZOO tal‘le
jsin® (Veme——m— )
2./ZoeZoo COSO +2./ZgeZpo Sinbtand
=cosO( V ——

2\/ZOEZOO sO + 2{ZgeZgo
T

Vv ZOe"'Zoo ZoetZgo

2{ZpeZpo

ZOe+Z 0o

( 2\/ZOEZOO 502 \/ oeZ 00 ¢
C

sinOtan6

+jtan0

ZoetZ Z +Z
V oeT400 0oeT400

Sezx/ZOe 00
ZoetZgo
2\ZgeZpo
ZoetZ
V oe 0o

2\ZgeZpo

ZOe+Z 0o

+jsin6

+jsin6

Zoe—Zoo - .
= =2¢ =9 into the equation then:
ZoetZoo

V1-C2 )
v1-C2 cos0+jsin®

=cosG<V



Combining the results derived above, we find that at center frequency the

scattering matrix of our coupled-line coupler is

[ o —jy/1 —C? C o |
so| W : ¢
C 0 0 —j1 —C?

l 0 C —jiv1 - 2 0 J

Multi-section coupled-line coupler:

V1 Input Through V2
G, Cg glz """ — CN—E 5 v O
V37 Coupled Isolated NV,

where C; = Cy, C, = Cy_4, etc.

In order to achieve wideband performance, we can add multiple coupled lines in
series.We typically design the coupler such that it is symmetric, because the phase
relationship has a significant property that it is independent of frequency, where
/ S31=7S,; +90° at all frequency. Due to this property, applications for which
symmetrical couplers are best suited including multiplexers, directional filiters, blanced
mixers phase shifters, diplexers, and others to which the 90 degree phase difference

property is essential.



2.2 Design procedure and realization

Coupler specification:

® Center frequency =4GHz
® Mean coupling =3dB
® Operating frequency = 2~6GHz

One of the most important, yet the most difficult part of the IQ mixer is the
wideband quadrature 3-dB coupler. The conventional approach to develop a wideband
quadrature hybrid coupler is using stripline structure. The stripline structure has
advantages of equal even- and odd-mode effective dielectric constants. That is the same
with the assumption of theoretical analysis describe in [1]. Nevertheless, stripline needs

complicate and accurate mechanical housing, otherwise the performance degrades. Most

of striplines use a low dielectric substrate ( & r=2.2 ) to reduce the sensitivity of housing

dimensions. As a consequence, the circuit size is relatively large.

To solve the problem mentioned above, we propose a coplanar waveguide structure
to realize an ultra-broadband quadrature coupler. The CPW can not only use high
dielectric constant substrate to shrink the circuit size but also easy to fabricate without
complicated mechanical housing. The CPW allows different geometrical dimensions to
minimize the discontinuity effect between coupling sections.

The theory of a multi-section quadrature hybrid [1] had been investigated
completely, and the design is tabled into the even- and odd-mode characteristic
impedances of each section. The design table is reproduced in Table 2.1. According to
the studies, a three-section TEM mode cascaded coupler is required to achieve the

desired bandwidth and ripple level. The following table shows the parameters of a

-10-



three-section coupler. 6 is the ripple level and Z;,Z, are the normalized even mode

impedance of each section. Once the even mode characteristic impedances are known,

the normalized odd mode impedance is derived by Z,, =

Zi and also the coupling in
oOe

dB of various sections of the coupler as given in Table 2.2. In the following section we

describe the design details of each section.

B A 7, % i—j
0.05 | 1.14888 3.16095 0.86101 2.51187
010 | 1.17135 3.25984 1.00760 _3.03063
i_Q-_1_5_ 21 1.19039__3.34049 __1.10168 _ 3.45273.
020 | 1.20776 3.41242 1.17199 3.83085
025 | 1.22415 3.47932 1.22844 4.18429
030 | 1.23992 3.54311 127572 4.52271
035 | 1.25528 3.60495 131645 4.85178
0.40 | 1.27036 3.66560 1.35225 5.17521
045 | 1.28527 3.72563 1.38420 5.49559

Table 2.1: Table of parameters of three-section symmetrical TEM coupled transmission

line directional couplers.

71&Z3 Z,
Zoe(Q) 59.51 167
Zoo (Q) 42 14.97
Coupling(dB) -15.2 -1.56
pass band ripple level +0.15
fractional bandwidth 1.1016
bandwidth ratio 3.4527

Table 2.2: Design parameters of three-section directional couplers

-11 -




2.3 Three-section coupler - section 2

The two natural choices for an extended bandwidth coupler will either be the
uniform multi-section line coupler or the non-uniform line coupler. The uniform
multi-section line coupler is simple in its design, but the sharp discontinuities between
various sections, together with the even- and odd-mode velocity difference, degrade the
accuracy of the coupling response and isolation at high frequencies, as shown by a
number of examples in the literature [2][3]. The non-uniform line coupler [4][5][6]

yields better performance.
— A AAAAAAAAAAAAAAAS
pEE—— MMM
(a) (b)

Figure 2.3-1 Examples of non-uniform couplers (a) Smooth-edge coupler (b) wiggly

coupler

The high coupling at the center section (1.5dB) can be achieve by several method.
One solution is to use tandem type coupler [7]. Although this type of coupler can
achieve tight coupling, it require large circuit size and hence more conductor loss. As a
result we prefer Lange Coupler [8], which is often used traditionally to achieve strong
coupling. The Lange coupler has the advantage of small size, relatively large coupled

line spacing, and wider bandwidth, when compared with Branch Line Coupler.
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Figure 2.3-2 (a) folded Lange Coupler (b) unfolded Lange Coupler
Lange couplers consist of very narrow coupled lines of a quarter wavelength
coupled in parallel to allow fringing on both sides of the line to contribute to the
coupling. To increase the coupling it is necessary to use very narrow gaps or more
fingers. From [1], the odd mode impedance of the center section is very low (15Q). At
least six fingers are needed to achieve such low odd mode impedance. There are three
major parameters to design the coupler, the signal line width (W), slot width (S), and the

gap between the signal line and the ground (G).

Figure 2.3-3 Unfolded six-finger coupler

The simulation is carried out by Sonnet and Advance Design System 2009. General

speaking, the total performance of the coupler is largely affect by center section. As a

result, it will be a great help to design the S11 of the center section as low as we can.

-13-



260

Figure 2.3-4 Uniform folded six-finger coupler (unit: mil)

Figure 2.3-4 show a conventional folded six-finger coupler. The ground is set to be
a thin line (4 mils) because high even mode impedance is needed. The center frequency
of the specification is 4GHz and the length of the corresponding quarter wavelength is
about 320mil. It is difficult to make the total length of three-section coupler within
1000 mil (The PCB size limitation of 1000X1000 mil). Hence the center frequency was
shifted to higher frequency to get a small circuit size. The even mode impedance of this

circuit is 167€2 and the odd mode impedance is 15Q. The simulation result is as follow.

+F Term | T}  Term
Term1 Term2
Num=1 Num=2
Z=50 Ohm Z=50 Ohm

+f Term + Term
Term3 ~ Term4
Num=3 Num=4
Z=50 Ohm Z=50 Ohm

- o0 — =

L SNP2 L
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Figure 2.3-5 S parameters of uniform folded six-finger coupler

The average return loss (S;7) is in the order of -22dB, and it get worse in the high
frequency band (-17dB) due to unequal even and odd mode phase velocity. For a fix line
width and slot width, it is hard to make return loss better than -25dB. After we get S;;

from the simulation above, the input impedance at port 1 can be derived by Zi, =

1_
7S L Figure 2.3-6 show the input impedance of the six-finger coupler.
11

Zo
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Figure 2.3-6 Input impedance of the coupler (a) magnitude of Z;,
(a) real part of Z;, (c)imaginary part of Z;,
The input impedance rise quickly as the frequency increase which cause large
impedance mismatch, especially in high frequency band. That’s cause the return loss get

worse quickly at high frequency band.
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Figure 2.3-7 Non-uniform folded six-finger coupler (unit: mil)

Therefore, it is a motivation to find a way to compensate this phenomenon and the
solution is shown in figure 2.3-4. The ground line is replaced by a meander shape line
but the line width, slot width are fixed. There are now two extra parameters A and B can
be tuned (shown in figure). The even mode impedance of this circuit is 167.3C2 and the
odd mode impedance is 14.95Q. The input impedance affected by the meander ground

and can be seen in figure2.3-8.
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Figure 2.3-8 Input impedance of the coupler, which its ground is replace by a

meander ground (a) magnitude of Z;, (b) real part of Z;, (c)imaginary part of Z;,

As can be seen from the figure above, a deep is produced in the high frequency
band. The position of this deep can be changed by tuning parameters A and B. Hence we
can make the input impedance around 50€ that is exactly what we want. The result of S

parameter is shown in figure 2.3-9.
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Figure 2.3-9 S parameters of non-uniform folded six-finger coupler with meander

ground

The average return loss (S;) in the passband now is in the order of -29dB, which
is better than the previous circuit. In contrast to the circuit without meander ground,

return loss is better in high frequency band.
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2.4 Three-section coupler - section 1&3

According to Table 2.2, the coupling of sectionl and section3 is about -15dB,
which is quite loose. There are two ways to realize a loose-coupling CPW coupler.

Method 1:

Ground

/ - !
coupledline S

P<
=T,

Ground

Figure2.4-1 First method to achieve loose-coupling CPW coupler

The even mode impedance is not high (59.5Q). As a result, the line width (W) must
be large enough and the gap (G) has to be small. Because increasing the line width will
also decrease the odd mode impedance, the slot width (S) will be very large. This
method can introduce some problems that it is hard to connect it with center section.

Besides, this circuit is area consuming.
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Method 2:

/A’ | Ground

coupledline | J

" |
|

Figure2.4-2 Second method to achieve loose-coupling CPW coupler

Another approach is to insert a ground strip between the coupled lines which is
shown in Figure 2.4-2. This structure will change the distribution of even and odd mode
electric field, and the variation amount of distribution of even mode electric field is
much more. There are some extra parts of even mode electric field is introduced

between the center ground strip and the coupled lines. The even mode impedance is

1

decreased because of the increased equivalent even mode capacitance (Z,e =)
pele
The odd mode impedance will increase a large amount because the excitance of this
ground strip can decrease the equvalent odd mode capacitance.
This structure reduces not only the coupling but also the circuit size. One more
advantage is that it is much easier to connect this circuit with center section. Therefore

using this loose coupled line structure has less junction discontinuity effect. The actual

layout is shown in figure2.4-3.
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<~ 7. —> - e—
1.5
Figure 2.4-3 Loose-coupling CPW coupler and its dimension (unit: mil)

Even though a very thin center ground strip will increase the odd mode impedance
substantially (at least 45Q2). From Table 2.2, the value required of odd mode impedance
is 42Q. Hence, it is difficult to achieve -15.2dB coupling with such high odd mode
impedance. Therefore some portion of center ground strip was removed to increase the
coupling between two coupled lines. After we get the desired odd mode impedance, the
required even mode impedance can be achieve by tuning the gap between the coupled
line and the outer ground (3mil in this case).The even mode impedance of this circuit is
58.8Q and the odd mode impedance is 42.3. The center ground strip is cutted by 24 mil

and the effect on S parameter is shown in figure 2.4-4.
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Figuer 2.4-4 S parameters of loose-coupling CPW coupler (a) with center ground

strip cutted (b) without center ground strip cutted

The effect of the cutted center ground strip can be seen as figure above. The center
frequency is 4.5GHz and the coupling in high frequency band is much higher than low
frequency band that will result the total coupling of the three-section coupler at high

frequency band . The phase difference of the coupler is shown in figure2.4-5.
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Figuer 2.4-5 Phase difference of loose-coupling CPW coupler
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2.5 Three-section coupler - total cascaded circuit

The design of each section is complete, so we can cascade them one by one. The
dimension of section 1 and section 3 is same as previous but the meander ground of
center section was varied to get a better performance. Circuit dimension is shown in

figure 2.5-1 and the bond wire is remove for simplicity.

272

260.

272

Figure 2.5-1 Three-section quadrature hybrid’s layout and dimension. ( unit: mil )

As can be seen from the above figure that the discontinuity between section 1 and
section 2 is small due to insertion of ground strip in section 1 and section 3. The ideal

circuit length is 960mil (320mil x 3 at 4GHz center frequency). In consider of circuit
size, the total length of quadrature coupler is shrinked to 804 mil. Hence the center

frequency is also shifted.

-24 -



EM simulation of this quadrature coupler is carried out by Sonnet, and the result is
shown in figure 2.5-2. The phase difference and amplitude balance is shown in figure

2.4-3.
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Frgure 2.5-2 Simulation result of three-section coupler

As can be seen in figure above, the coupling of the coupler is below through at low
frequency band and didn’t row off in high frequency band. It is designed deliberately
because we didn’t consider the metal thickness of the conductor when running
simulations. The effect of the metal thickness will decrease the odd mode impedance
when the gap between the strips is small enough. The even mode impedance will also
larger than actual even mode impedance because of the exsistance of the electrical box

when running simulation with Sonnet.
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Therefore the actual coupling will be higher than than the simulation result. And
the reason why coupling is higher than through in high frequency band can be seen from
figure 2.4-4. The coupling of the section 1 and 3 are strong in the corresponding
frequency band.

Although the circuit length was shrinked and the center frequency was shifted to
higher frequency rather than 4GHz, the performance of the coupler in the desired band
is still acceptable. The amplitude balance and phase difference is shown in figure 2.5-3.
The amplitude error is less than 1dB and the phase error is smaller than 1.3° over the

designed frequency of 2-6 GHz.

dB Degree
35
T\ ;
25—
343
15— AN
05— = —— 1 —_—
~_ /T ~——
T ‘\\\ | TN / -‘\‘- A
S \ —
v
15
s
25—
35 T T T T T ’ T I T T 7
1 2 3 4 5 B 7
freq, GHz
freq. GHz
(a) (b)

Degree dB Figure 2.5-3 (a) amplitude balance of the coupler (b) phase difference of

the coupler
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2.6 Three-section coupler — measurement

The photograph of the proposed three-section directional coupler is shown in

Figure 2.6-1. The circuit is fabricated on a Al,053 substrate with a dielectric constant of

9.8 and thickness of 15 mil. The measurement result is shown in figure 2.6-2

Figure 2.6-1 Photograph of the fabricated three-section 3-dB directional coupler
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Figure 2.6-2 Measured response of the proposed hybrid
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As can be seen in figure 2.6-2, the coupling is slightly greater than through and the
reason has been discussed previously. The measured amplitude balance between port 2
(through port) and port 3 (coupled port) is shown in figure 2.6-3. The measured

amplitude error is better than 0.75dB over the designed frequency of 2-6 GHz.

20

dB op

-20

freq, GHz

Figure 2.6-3 Measured amplitude errors of the proposed directional coupler
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Figure 2.6-4 Measured phase inbalance of the proposed directional coupler

The measrued phase error is shown as above. The phase balance is about 88° + 2°.
The phase of the coupled and direct port has a 90 degree difference due to its symmetric.
Because the non-uniform coupler in the center section is used (mender ground), the
circuit will not be perfect symmetric. Hence the phase error is a little bit larger.

The meander ground in center section provide good impedance matching between
different sections at all desired frequency band. Good impedance matching is the main
difference between traditional coupler and the proposed coupler. It is usually the reason
why we can get better performance only when they simulate the coupler individually
and cascade them to get the result, but the performance get worse at high frequency

when they simulate it as a whole.
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Chapter 3
Wilkinson power divider

In order to make IQ mixer operate appropriately. A three port device with two
output signal has equal phase and amplitude is required. The T-junction and wilkilson
power divider [9] is commonly used. T-junction’s two ouput ports has no isolation and if
the resistive divider is used, there are some extra loss have to be consider. Hence the
wilkinson power divider become the best choose for the IQ mixer.

Because the circuit is fabricated with coplanar waveguide (CPW) structure, it has
more advantages than microstrip based wilkinson power divider. The coupling between
two quarter wavelength transmission line can be reduce by the ground of CPW. Hence a

small circuit size can be achieve and the difficulty of circuit design is diminished.
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3.1 Theory

The wilkinson power divider is a three-port device with a scattering matrix of:

0 N2 N2
S=|-i/V2 0 0
—i/N2Z 0 0

Note this device is matched at port 1 (S;; = 0), and we find that magnitude of column 1

is:
[S111+S21|+S31|=1

Thus, just like the lossless divider the incident power on port 1 is evenly and

efficiently divided between the outputs of port 2 and port 3:

P1+ P1+
Py =[Sy |*Pf = > Py = |S3, %P = >

We also note that the port 2 and 3 of this device are matched. S,, = S35 =0

port 3

port 2

The resister is the secret to the Wilkinson power divider, and is the reason that it is
matched at ports 2 and 3, and the reason that port 2 and port 3 are isolated. Single
section Wilkinson power divider can reach 60% fractional bandwidth. In order to

increase the bandwidth of the power divider, we used muti-section struction again.

-31-



3.2 Design procedure and realization

S. B. Cohn has provided some tables for designing multi-section wilkinsion power
divider [10]. A 100% bandwidth with return loss and isolation around -27dB can be
achieve by a three-section structure. Unfortunately, we can’t afford more room for such
long structure. By preliminary studies, we decided to used two section Chebyshev
response structure. On one hand, it won’t be too long; on the other hand, the
performance is acceptabe. The circuit-level simulation is carried out by Advanced
Design System 2009 and we get EM simulation result from Sonnet. This power divider
is fabricated on a Al,053 substrate with a dielectric constant of 9.8 and thickness of 15

mil. The dimension of each section is shown in figure 3.1-1.

652.5

Z2=800Q Z1=62.80
R2=113.5Q R1=2000Q
Line width = 3 mil Line width = 3 mil
Gap =7 mil Gap = 3mil

Figure 3.2-1 The design parameters of two-section wilkinson power divider
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The EM simulation result is shown in figure 3.2-2. The return loss (S;;) and
isolation (S3;) is below -21dB for the desired frequency band which is still acceptable.
Because the wilkinson power divider is a symmetry structure, the amplitude balance and
phase balance is guaranteed to be good which is essential for RF input signal of 1Q
mixer. The center frequency is a little higher than 4GHz because the length of power

divider is shrinked.

5 —— Through
—5— |solation

—e— Returnloss

_35 II|I||II||||II|I||I||I||||II||I|II|II|I
2.0 25 30 35 4.0 4.5 50 R 5.0

freq, GHz

Figure 3.2-2 Simulation result of the wilkinson power divider
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3.3 Measurement

The measurement result is shown in figure 3.3-1. The return loss and isolation is
better than -15dB at the desired frequency band (2-6 GHz) and the through is around

-3.1dB. The photograph of the circuit is shown in figure 3.3-2.

0
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-
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w
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Figure 3.3-1 Measurement result of wilkinson power divider

Figure 3.3-2 Photograph of the fabricated two-section wilkinson power divider
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Chapter 4
single-balanced mixer

The IQ-mixer contains two balanced mixers and a phase shifting hybrid. General
speaking a wideband diode mixer is designed in balanced type structure. The balanced
mixer in the construction consists of two identical single ended mixers with a 3dB
hybrid junction(90 or 180 degrees) to produce either better input VSWR or better
LO/RF isolation. The balanced mixer using a 90° hybrid generates good RF VSWR, but
poor LO/RF isolation. Using a 180° hybrid suppress all even harmonics of both LO and
RF siganls, thus yielding a very low conversion loss. Among all 180° hybrids. The
three-port balun only provides the out-of-phase power splitting without good output
port-to-port isolations and return losses. These properties make the rat race ring in the
balanced circuits better than the balun.

To achieve compact circuit size and wider bandwidth, the size of the mixer was
reduced by using phase inverter in the ring arm. Moreover, the place of the diodes was
deposit inside the ring. In this chapter a single-balanced mixer with finite ground CPW

(FCPW) on 15 mils Al,O3 substrate is designed and fabricated.

-35-



4.1 Theory

A single-balanced diode mixer uses two diodes. Either the LO drive or the RF
signal is balanced, adding destructively at the IF port of the mixer and providing
inherent rejection. The level of rejection is dependent on the amplitude and phase
balance of the balun, providing the balanced drive, and the matching between the two
diodes. Other advantages of a singly-balanced design are rejection certain mixer
spurious products, depending on the exact configuration, and suppression of Amplitude
Modulated (AM) LO noise. AM noise could be a significant problem in early
microwave and mm-wave receivers where the available LO sources were very noisy.
Modern wireless transceivers tend to make use of synthesised LO drives and the LO
phase noise gives more of a problem than the AM noise.

One disadvantage of balanced designs is that they require a higher LO drive level.

Figure 4.1 shows a block diagram of a single-balanced mixer.

RF 5

o | S e [T

RF short-circuit

Figure 4.1-1 Block diagram of a single-balanced mixer
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The LO drive to the two diodes is in anti-phase and the RF signal is in-phase. If the
mixing products are at mRF * nLO, this mixer will reject all spurious products where
m is even. The reason can be seen below. Figure 4.1-2 shows the typical I-V

characteristics of a Schottky diode, which can be described by equation (4.1).

I = alv + aZVZ + a3V3 + a4V4 + (4.1)

| (mA)
150
125 I
100
75 /
50
25 ‘//
i 0 0.25 0.5 0.75 1
VT (volts)

Figure 4.1-2 Typical forward I-V Characteristics of a diode

The current through each diode is depicted as below.
I, =a,V; +a,V2+a3V3 +a,Vi + -
I, = —a;V, +a,V# —azV3 + a, V) + -
The minus sign in (4.3) is due to that LO drive to the two diodes is in anti-phase.
V) = ViR cos wrt + Vi, cos wt (4.2)

V, = ViR cos wrt — Vi, coswt (4.3)
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The IF current is:

g =iy — iy = a;(V; + V5) +a,(Vf = V) +a3(Vf + V3) +a,(Vf — V). (4.4)

Then replace (4.2) and (4.3) into (4.4).

I;r = a;(2VR cos wgt) + a,(4VR Vi, cos wrt cos wt)

+ a3( 2Vicos3(wgt) + 6VRV{ cos wgt cos?(wit) )

+ a,( 8V3 Vi, cos®(wgt)cos wpt + 8 VRV cos wrt cos® (wit) ) + -

= 2a, Vg cos wgrt + 2a,VyV.(cos(wg + wp )t + cos(wg — wp)t )

3VRV?
2

3VRV?
2

3
+a3[% cos 3wgrt + cos(wg + 2wy )t + cos(wg — 2wy )t
+ (14_5 + V}%) cos wgt J+as[ VRV, cos(Bwg + wi)t +Vi Vi, cos(Bwg — wp)t

+ VRV cos(wg + 3wp)t + VRV cos(wg — 3w )t

+3(VRVL, + VRVP) (cos(wg + wp)t + cos(wg — w)t) ]+ -
The IF output has the frequency component:
Twgr’ Twp > F(wptwy) F(wg £ 2w) > £ Bwg —wy) * * (wg —3w) ...

As can be seen that the even order harmonic of RF signal will be eliminated if RF input

is placed at sum port of the single-balanced mixer.
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Similarly, if the RF drive were in anti-phase and the LO in-phase, all spurious
products with n even would be rejected. The anti-phase signal is also cancelled at the IF
port, because the LO drive should be at a significantly higher level than the RF signal, it
is often chosen as the anti-phase signal to increase the LO to IF isolation.

The RF short-circuit, shown at the IF port in Figure 4.1-1 is required for the mixer
to work appropriately. If the RF impedance at the IF port were high, the RF signal
voltage across the diodes would be small and the mixer's conversion loss would be very
high. The LO signal, however, does not require a low impedance at the IF port. Because
the LO is a balanced signal across the diode pair, the common port of the diodes is a
virtual ground to the LO. The LO drive across the two diodes adds destructively to a
null at the common port, as if it were grounded. In most cases, the LO and the RF are
comparatively close in frequency, so the RF short circuit will also be a good LO short
circuit.

The design procedure for a balanced diode mixer is similar to that for a
single-ended. The only difference is that the balun structure providing the RF and LO
isolation. As described in [11], which provide a technique to enhance the isolation
performance of the rat race coupler. One option for the balun realization is a rat-race
coupler. This is a very popular option at microwave frequencies where it is a

comparatively small structure that can be produced inexpensively on a printed substrate.
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4.2 Circuit design

The rat race ring is a widely used 180° hybrid coupler. Its drawbacks are its large
size and limited bandwidth. The limiting factor in the hybrid ring coupler is the
three-quarter wavelength section, which restricts the useful frequency range for the 180°
hybrid to fy £ 0.23f, where fj is the center frequency in the band of interest . Numerous
publications have been produced to improve the performance of this type of coupler.

Several design techniques have been proposed to enhance the useful bandwidth
and to reduce its size. In [12] one quarter wavelength section with phase reversal was
used to replace the three-quarter wavelength line. This phase-reversal section was
realized with parallel coupled lines with two diagonal grounded ends (show in figure
4.2-1). Such a modified coupler achieved more than one-octave bandwidth. Although
the bandwidth increases considerably, the even-mode impedance required for the
coupled section would be too large to be realized, which is difficult to fabricate by using

conventional chemical etching technique.

Figure 4.2-1 March's version of rat-race coupler
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The conventional rat-race hybrids are inherently narrowband structures. This
bandwidth limitation was attributed to the narrowband phase inverter within the
quarter-wavelength and
3/4—wavelength line section. Many efforts have been made to make the bandwidth of
rat-race ring coupler larger [13][14]. Most of them pay their attention by making a
broadband phase inverter.

The finite- ground-plane CPW (FCPW) is a good candidate to realize this ideal
phase inverter, because the “hot” lines as well as the ground planes are located on the
upper surface of the carrier material. This enables parallel implementation of active and
passive lumped elements into the circuit without any via hole structure, which results in

a significant simplification in manufacturing process.

Figure 4.2-2 Twist between signal and ground path

Even if an ideal phase inverter is used, the conventional rat-race ring coupler with
70.7Q ring impedance and Butterworth-type response is still limited to of about 74%
fractional bandwidth for return loss better than 15 dB. The ring coupler contain an ideal
phase inverter can show a Chebyshev-type response of order two. For 12 dB return loss,

the ring coupler with 55Q ring impedance has 100% fractional bandwidth.
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Because of the crossover at the ring arm, the signal line of the rat-race ring is DC
grounded. We must use RF virtual ground to terminate two diodes and the IF signals are
picked up from these RF virtue ground. The design parameters and circuit dimensions

are list in Table 4.2-1.

Strip width Slot width Finite ground
(mil) (mil) width (mil)
Ring arm impedance(54Q) 4 2 4
50Q impedance 4.2 1.8 12

Table 4.2 Design parameters and circuit dimensions of the rat-race ring

This single-balanced mixer is fabricated on 15mil AL,O; substrate with center
frequency 4GHz and 100% fractional bandwidth. The RF virtual ground can be formed
by an FCPW open stub or shunt a capacitor. Here we used a 2pF capacitor at the IF port.
The diodes used in the mixer are Metelics silicon schottky diodes (MSS30,242-B20). In
view of the layout of the IQ mixer, we squeeze the single-balanced mixer. The effect of
the bond wires at crossover can be compensated by shortening the corresponding ring

arms about 5 mils.
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4.3 Measurement

There are two ways to excite the single-balanced mixer. One is to excite Local
source at sum port and the other is to excite it at difference port. The measurement

results are shown in the following figures respectively.

LO=6.5dBm

~+-LO-RF = 100MHz

RF-LO = 100MHz

conversion loss (dB)

-
s TSP e i W, e

1 2 3 4 5 B

RF frequency (GHz)

Figure 4.3-1 Conversion loss versus RF frequency. ( Local at difference port )
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Figure 4.3-2 LO to RF isolation and RF to IF isolation ( Local at difference port )
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Figure 4.3-7 LO to RF isolation and RF to IF isolation ( Local at sum port )

- 46 -



16

LO=4GHz

14

12 1 =

10 1

--RF>LO
LO>RF

ocnversion loss (dB)

001 002 005 01 0.2 04 06 08 1 12 14 16 18

IF frequency (GHz)

Figure 4.3-8 Conversion loss versus IF frequency for fixed LO frequency.
( Local at sum port )
The conversion loss is around 8dB over the desired RF frequency band and it’s
better when RF signal is excited at difference port. In this case, RF signal is virtual
ground at IF port that causes the voltage across the diodes would be larger, hence the

conversion loss would be smaller.
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The RF to LO isolation is provided by the ring because RF port is also the virtual
ground of the LO signal and vice versa. From figure 4.3-2, the RF to IF isolation is poor
compared with figure 4.3-6. Because RF and IF are both placed at sum port, the ring
provides no inherent isolation. The isolation here is only provided by a 2pF shunt
capacitor. One way to solve this problem is to use a sharp low pass filter rather than just
one order at IF port. From figure 4.3-6, the RF to IF isolation is better when RF is
placed at difference port because the IF port is the virtual ground of the RF signal and
the effect of the capacitor (RF-short circuit)  The photograph of the circuit is shown

in figure 4.3-8.

Figure 4.3-9 photograph of the proposed single-balanced mixer
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Chapter 5
1/Q mixer

In this chapter, three device ( coupler, power divider, single-balanced mixer) are
constituted to form the I/Q mixer. The whole circuit is fabricated in a one inch by one
inch Al,O3 substrate. The measurement result will display in the following section. The

photograph of the circuit is shown in figure 5-1.

Figure 5-1 The photograph of the I/Q mixer
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5.1 Measurement

Figure 5.1-1 shows the conversion loss versus RF frequency. The conversion loss
at the desired frequency band is around 12dB. The CH1 and CH2 are the outputs of the

I/Q mixer which is shown in figure 5-1.
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Figure 5.1-1 Conversion loss versus RF frequency ( LO (11dBm) is excited from 90

degree hybrid and RF (0dBm) is excited from the power divider )

Figure 5.1-2 shows the conversion loss versus RF frequency The conversion at the

desired frequency band is around 12dB too.
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Figure 5.1-2 Conversion loss versus RF frequency ( LO (11dBm) is excited from the

power divider hybrid and RF (0dBm) is excited from 90 degree hybrid )
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Figure 5.1-3 Conversion loss versus LO power ( LO from 900 hybrid ; RF from power

divider ;IF=5 MHz ; RF<LO )

-51-



There are two methods to check that the two outputs of the I/Q mixer have 90
degree phase difference. First, we can just excite the desired RF and LO signal in a
fixed frequency and see the result. If LO is 2GHz and RF is 1995MHz. Two outputs of

the I/Q mixer is shown in figure 5.1-4.
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Figure 5.1-4 LO = 2GHz; RF = 1995 MHz ; IF =5 MHz
As can be seen the two outputs has a phase difference 90 degree. The following

figures show the results with different LO and RF frequency.
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Figure 5.1-5 LO = 3GHz; RF = 2995 MHz ; IF = 5 MHz
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Figure 5.1-7 LO = 5GHz; RF = 4995 MHz ; IF =5 MHz
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Figure 5.1-8 LO = 6GHz; RF = 5995 MHz ; IF =5 MHz

The second method can be shown in figure 5.1-9.
cos (wgpt+ 0)

10cm wire /
/ RF
H1 "®" CH2
LO
cos mmt
CH1:cos((wyo-wgg )t+ 0) CH1:cosB
=

CH2:sin((w; o -wgg )t+ 6) CH2:sinf

] N—

ZGJMM

Figure 5.1-9 Second method to check the phase difference between two outputs

t

of I/Q mixer
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The RF and LO of the I/Q mixer is excited by a signal which its frequency change
with time. The two outputs will produce DC voltage (cos8 , sinf) because RF frequency
is equal to LO frequency. The delay line in the upper path is essential for this method,
because it introduce a phase delay. The phase delay is changed with frequency of the
input signal because a same delay line saw different electric length at different
frequency. Hence the DC outputs will also change with time. Figure 5.1-10 show the

measurement result of second method.
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Figure 5.1-10 Measurement result of second method.

The difference between the first method and the second method is that the first
method can only see the phase difference and amplitude balance at some fixed

frequency. The second method can see the results over all frequency components.
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Chapter 6

Conclusion

This thesis has demonstrated a minimized wideband I/Q mixer on a one inch by
one inch Al,05 substrate with a dielectric constant of 9.8.

In chapter 2, miniaturized wideband quadrature hybrid coupler has been realized
by using three-section cascaded CPW coupler structure. The return loss would be better
if the meander ground in the center section is used. The way to tune the meander ground
is to let the input impedance around 50Q, because the deep in the input impedance
diagram can change if the dimension of the meander is changed. In consider of the area
limitation, the length of the coupler is shrinked and the center frequency is shifted to
higher frequency.

In chapter 3, a wideband wilkinson power divider is fabricated. Because the circuit
is in CPW based, the coupling between two paths can be reduce by insert a ground strip
between them. Hence, the circuit size is reduced.

In chapter 4, a single-balanced mixer is fabricated. The 180 degree hybrid in the
mixer is chosen as a rat race ring coupler. To realized a wideband rat race ring, we can
replace the 3/4 wavelength transmission line by a 1/4 wavelength transmission and a
phase inverter which not only widen the bandwidth but also reduce the circuit size. To
further reduce the circuit size, the diodes is placed inside the ring and the RF virtual
ground is form by a shunt 2pF capacitor.

In chapter 5, the circuits fabricated in previous chapter are combined to form an
I/Q mixer. There are two ways to check the phase and magnitude difference between
two outputs of I/Q mixer. The measurement result is shown in figures and the

specification is achieved.
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