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Abstract

This thesis includes the design of millimeter-wave SPDT switches, multiple-port switches, and
a medium power amplifier.

The first part of the thesis focuses on the basics about how to design RF switches, and then
demonstrates two MMW SPDT switches in CMOS process. These two MMW SPDT switches were
designed by filter-integrated method. To integrate a switch with filter response can get sharper
frequency response and enhance isolation. The CMOS process was adopted since the system on
chip (SoC) is a trend in CMOS. One SPDT switch was designed in 65 nm CMOS, and it has an
insertion loss about 3-4.5 dB and an isolation.better than 20 dB in 40-80 GHz. The other SPDT
switch was designed in 90 nm CMOS; and it-has an insertion loss of 3-4 dB and isolation better
than 25 dB in 60-110 GHz. To our, knowledgéf 1t is t_h_e': highgst frequency CMOS MMIC switch.

The second part presents a new methpd;‘t;' émalyze t_he topology of MMW multiple-port
switches. The proposed method is suitable to| ana-l:l-yze-arbitrary multiple-port switch topology. This
method is based on a simplified model of a'through path 6f a multiple-port switch topology. Two 60
GHz multiple-port switches in GaAs HEMT process are demonstrated to verify this analysis. Good
agreement with the analysis and the measured results are achieved.

The third part presents a 60-GHz medium power amplifier in 65 nm CMOS process. This PA

demonstrates a peak gain of 14.5 dB and saturation power of 9.5 dBm.
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Chapter 1 Introduction

1.1 Motivation

The developments of millimeter-wave communication systems have increased rapidly in
recent years. To realize the wider bandwidth and higher data rate, performance of components of
the RF front end should be enhanced as well. Switches control the signal path of wireless
transceivers and should have enough power handling to transmit the output power from the power
amplifier to transmission channel. Besides, to integrate a system on chip (SoC), the design using
CMOS process is a trend. Therefore,-the desiét-.l':jzﬁ-p(.)wer amplifier in CMOS is also an important
topic. d

A beamformer system using multible antennas both at the transmitter and receiver can improve
the efficiency of the spectrum greatly by spatial multiplexing [17]-[20]. In a beamformer system,
the design of the multiple-port switch is important.

Power amplifiers using GaAs HEMTs can achieve high performance, but it is difficult to
integrate GaAs-based components with baseband circuits. Higher-level integration of wireless
transceiver is a trend. CMOS process is suitable and high-level integration on chip. However,
nanometer CMOS with lower breakdown voltage causes the poor power handling capability of the
device.

Researches about multiple-port switches and CMOS power amplifiers are conducted in this

thesis.



1.2 Literature Survey

This literature surveys including radio frequency switches and MMW power amplifiers.

1.2.1 Radio Frequency Switches

RF switches are important components in the wireless communication systems. To design RF
switches below 20 GHz, the series or series shunt switches [21] are suitable. Besides, power
performance of RF switches are important, since the RF switches should have enough power
handling capability to transmit the signal from power amplifiers. In higher frequency, the output
power of power amplifiers is usually below 20 dBr_n,.and hence, the power performance of MMW

switches is not difficult to achieve.

= j-.i HE -\

To achieve the design around 20 Gﬁz, otte r_hight Use inductors to cancel the parasitic
capacitance at desired frequency, but it. also leads to:a narrow band characteristics. Switches using
traveling concept can achieve broadband characteristics [25]. Switches using impedance
transformation technique [27] can achieve better isolations, but they cause more insertion loss, and
the more insertion loss will make the noise figure of receivers increase and attenuate the output
power of transmitters. Filter-integrated switches [31]-[32] can achieve better performances such as

better return losses, isolations, and sideband rejection for the undesired bands.



Table 1.1
SUMMARY OF THE PERFORMANCE AND FEATURES FOR PREVIOUSLY REPORTED PASSIVE

HEMT MMIC SWITCHES

Technology Design Frequency | Insertion | Isolation /O Ref.
Approach (GHz) Loss (dB) (dB)
HEMT Resonant, series 94 1.6 22.5 SPST [28]
HEMT Resonant, series 55~63 <32 >23 SPDT [29]
HJFET Series resonant, 57~61 39~5 >30 SPDT [30]
shunt
HEMT M4, shunt 42 ~ 46 <1.6 >30 SPDT [33]
HEMT Impedance 53~61 ik >30 SPDT [27]
transformation ]
network, shunt ! j;__ q
HEMT | Traveling wave | 70 102 LI 55 7 0>30 SPQT [34]
concept & I
HEMT Series 1~6 . 12~17 >20 Multiple-port | [39]
HEMT Filter-integrated 38~42 <4 >25 Multiple-port | [43]

Table 1.1 summarizes the previously reported performances and features of passive MMIC
HEMT switches. There are few researches about multiple-port switches 10 GHz [39], because the
simply shunt-series switch cell can still function well in this frequency range. To design MMW
multiple-port switches, there are many constraints due to the high frequency characteristics.
Resonant-type SPDT switch shows a narrow band in the V-band [29], and another SPDT switch

shows an insertion loss of 4 dB [30].



1.2.2 Millimeter-Wave Power Amplifiers

CMOS power amplifier is a hot research topic in these years since it is still the bottleneck for
the integration of a wireless transceiver. In past years, people use GaAs process to achieve high
power performance in MMW frequency. Compared with GaAs process, the higher loss on silicon
substrate, low supply voltage, and poor power handling capability make the design of power
amplifier in CMOS a big challenge. Besides, the behavior of passive elements in CMOS process
cannot be predicted precisely. The reported 60-GHz power amplifiers are summarized in table 1.2.
Power amplifiers in [48] and [50] show poor gain and the poor gain will make the power amplifiers
difficult be used in practical wireless transceivers:sThe power amplifier in [51] has a gain less than
10 dB regardless of an output power of 10 dBm: The.- power amplifier in [52] has a gain better than
10 dB but only has an output power 0f'6 dBni}. _Eowe_r'ampliﬁers in [54] and [55] both shows a gain
better than 20 dB and a saturation power blettéz-_ thar 10 dBm, but theses two power amplifiers

consume a great quantity of power.

1.3 Contributions

In this thesis, the first filter-integrated SPDT switch using CMOS process is implemented. The
high insertion loss due to silicon substrate is the challenge in the design of CMOS switches. A
60-GHz SPDT FIS in 65 nm CMOS process is implemented first and it has a size of 0.25 mm by
1.5 mm. This SPDT switch has an insertion loss of 3 dB at 60 GHz, and its isolation is about 23 dB.
Furthermore, a 60 to 110 GHz SPDT FIS in 90 nm CMOS is also demonstrated. It has an insertion
loss less than 4 dB and an isolation better than 25 dB in 60-110 GHz.

4



Table 1.2

SUMMARY OF THE PERFORMANCE OF REPORTED 60-GHZ POWER AMPLIFIER IN CMOS

PROCESS
Process | Topology DC Vg | Frequency | Power Saturation | Ref.
Biasing (GHz) Gain | Power(dBm)
(dB)
65 nm 1-stage, 23mA, 1A% 62 4.5 9 [48]
CMOS CS 1.2V
90 nm 3-stage, | 26.5mA, | 1.5V 60 4.7 9.3 [50]
CMOS CS 1.5V
90 nm 2-stage, 23mA, 1V 57 9.8 10 [51]
CMOS CS v
90nm | 2-stage | 30mA, sV 25 50 | 13 6 [52]
CMOS CC, 1.5V 1 iy
1-stage CS i

90 nm 3-stage 100 mA, | 0.9V . 60 30 13.8 [54]
CMOS | cascode 1.8V
90 nm DAT 153 mA, | 0.9V 60 26 14.5 [55]
CMOS | combing + 1.8V

3-stage,

cascode

The second part of this thesis is the topic of topology analysis and design of multiple-port
switches in GaAs PHEMTs. GaAs HEMTs have good power handling capability and the loss of

GaAs substrate is relatively lower than CMOS process, and therefore, GaAs HEMTs are suitable to



be used for the multiple-port switch. An approach to analyze arbitrary topologies of multiple-port
switch is proposed, and an analytic expression of the insertion loss, isolation, and bandwidth of
each topology can be derived by this proposed approach. In this thesis, two multiple-port switches
are demonstrated. The first one is composed of distributed switch cells, and the other is composed
of filter-integrated switch cells. The cell based on the distributed type should have wider bandwidth
than filter-integrated switch cells. However, from the experimental results, the multiple-port
topology using filter-integrated switch cells has wider bandwidth than the multiple-port topology
using distributed type. This can also validate the proposed analysis. The proposed analysis makes
the conclusion that the limitation of multiple-port switches is determined by its topology, since the
limitation of the topology of the multiple-port switch with distributed switch cells has narrower
bandwidth. Two designs are presented in this thesis. Thefirst multiple-port switch is formed by the
net type topology and based on distributedd§witch cells.“It has a size of 2.0 mm by 1.5 mm. The
insertion loss is about 4-5 dB in 48-65 Gﬁz;:ﬁn.c:l_.'i.ts isolat-ion is better than 25 dB. The other
multiple-port switch is formed by the ring-'bin;'_i'fgl-t.opology -and based on filter-integrated switch
cells. It has a size of 2.5 mm by 2.0 mm. Th:e insertioﬁ less is about 3-4.5 dB in 43-66 GHz, and its
isolation is better than 30 dB. Both multiple-port .swi;cches have input P4 better than 17 dBm due
to the limitation of our power source under measurement.

The third part is a 60 GHz power amplifier in 65 nm CMOS process. This power amplifier was
designed based on cascading three stages of cascode amplifiers. This power amplifier has a size of
0.55 mm by 0.64 mm. It has a peak power gain of 14.5 dB at 57 GHz and a gain better than 10 dB

in 51-61 GHz. The saturation output power is 9.5 dBm at 57 GHz.

1.4 Organization of the Thesis



This thesis is organized as follows:

In chapter 2, some basic switch design approaches and the principles of switches from low
frequency to MMW frequency are summarized.

In chapter 3, the basic theory about microwave filters are introduced. From the filter composed
of basic lumped elements to transmission lines. After that, the concept of combination of
transmission lines and switches is introduced. Finally, a SPDT switch in 65 nm CMOS and SPDT
switch in 90 nm CMOS are demonstrated.

In chapter 4, the analysis of different multiple-port switch topologies is conducted.

In chapter 5, the experiment of two multiple-port switches is conducted to verify the analysis
in chapter 4.

In chapter 6, a 60-GHz power amplifier in .65 nm CMOS process is demonstrated.

Finally, the conclusion of this thesis isidfawn in chapter 7.
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Chapter 2 Basics of Radio Frequency

Switches

2.1 Introduction [21]-[23]

Radio frequency (RF) switch plays a key role in wireless transceivers. As shown in Fig. 2.1,
RF switches control the path that a transceiver transmits or receives RF signals. Switches have two
mainly concerned specifications: insertion loss and iselation. A switch with good insertion loss
would not attenuate signals too much. A swifch with good isolations can block signal leakage from

transmitter to receiver. -

For single-pole-double-throw (SPDT) switéhes terminated with Z, as in Fig. 2.2, the input

impedance of the through-state path should be

=7, 2.1

Thru
Besides, the input impedance of the isolated path should satisfy

Lo —> 0 (2.2)



RF

Base Band

r———n
|
|~
|
| Switch
L
Fig. 2.1. Typical BPSK RF transceiver. [y, | ":
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Fig. 2.2. A SPDT switch terminated with Zj.




Eq. (2.1) means that the through-state path transfers maximum power from the input port to
through port, and Eq. (2.2) means that infinite impedance is required to block signal leakage to the
isolated port. It should be noted that it is infinite impedance instead of low impedance. If the
isolated path is composed of low impedance technique such as shunt transistors, there should be an
impedance transformer to transform low impedance to high impedance, for example, quarter-wave

length transmission lines. This concept is important and will be used in following sections.

2.2 Series-Shunt Switches [21]-[23]

Series, shunt, or series-shunt is the mosf.cégrr.if)'rll approa-ch to design RF switches. A common
series switch is shown in Fig. 2.3. When the s:)(;ltch 1s om, its equivalent circuit is a series small
resistor (Ron), and this small resistor will n:ot aﬁenuéte.;signals much. When the switch is off, its
equivalent circuit is a capacitor (Cofr). A series caﬁacit.or has high pass characteristic, and thus it can
block low frequency signal effectively. However, when the frequency goes higher, the isolation of
the series switch degrades significantly.

A common shunt switch is shown in Fig. 2.4. When the switch is on, its equivalent circuit is a
shunt capacitance (Cof), and this shunt capacitance has a low pass characteristic. As the operating
frequency goes higher, the shunt impedance goes lower, and this makes high frequency signals

leaks to ground. When the shunt switch is off, its equivalent circuit is a shunt resistor (Ron). This

shunt resistor is of low impedance, and it drags signals to ground for isolation.

10



Ve On state, V=1 AN

O O
Coff

Off state, V.= 0

Fig. 2.3. Series switch and its equivalent circuit.

On state, V=0

Off state V.= 1 Ron

Fig. 2.4. Shunt switch and its equivalent circuit.

A series-shunt switch is shown in Fig. 2.5. It is a combination of series switch and shunt
switch. When this series-shunt switch is off, both the series capacitor and shunt resistor enhance
i1solation much better. On the other hand, when the switch is on, the switch has more loss than the
above mentioned switches. Regardless of this drawback, this kind of switch improves isolation
greatly and thus it 1s much more useful in RF transceivers. Furthermore, the 3-dB bandwidth of this

series-shunt switch locates at

11
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i On state, Vc=1, Veg= 0 o—/\/\/\——o

——Coff
Vs E 1
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Off state Vc= O, VCB= 1 o i I °
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Fig. 2.5. A series-shunt switch, and its equivalent circuit:
fr =5 X | 23)

3-dB 27'[R0n Coﬁ, I : .

All the mentioned switches in this section are used for low frequency. The following sections

introduce switched used in microwave or MMW frequency range.

2.3 Resonant-type Switches [28]-[30]

12
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Fig. 2.6. Shunt type of a parallel resonator using a transistor.

On state, V=1

V. o— —o
L
Tha
Coff
L ||
— | |
Off state, V.= 0 N e
L

Fig. 2.7. Series type of a parallel resonator using a transistor.

Resonant-type switches are one of the most popular switches in microwave or MMW
frequency range. There are two commonly used resonant-type switches: one is to shunt a parallel

resonator as in Fig. 2.6 and the other is to series a parallel resonator as in Fig. 2.7. A typical parallel

13



resonator is composed of one inductor parallel with one capacitor. When a transistor is off, it
behaves like a capacitor, and we can use this capacitive characteristic to shunt an inductor to
compose a parallel resonator as in Fig. 2.6 and Fig. 2.7.

These resonant-type switches can operate at any center frequency

1

= (2.4)
2rLC,,

o

However, there must be some constraints. First, the value of Cys has a certain range in each

process. Besides, there is certain range of the value of inductors in practical design.

2.4 Distributed Switches [25]

e N |

Distributed switches are one of the mést commonly'used techniques because the characteristic
of broad bandwidth. A distributed cell is shown in Fig. 2.8. When it is at on state, the transistor can
be modeled as a capacitor. Therefore, the series L and the shunt Co form an artificial transmission
line. To make a through-state path, this artificial transmission line should be operated with

characteristic impedance of Z.

z,= | -L (2.5)

It can be noticed that if the value of inductors and the value of capacitors do not change with

frequency, this through state can operate with infinite bandwidth. When the transistor is on, it

14



On state, V.=0 L/2 L/2

L2 El Ii/z ) o :I_: Cor

= Off state, V.= 1

Fig. 2.8. A distributed switch and its equivalent circuit.

behaves like a small resistor. Therefore, the signal is pull to ground. To form a SPDT switch or a
multiple-port switch, there must be oneimpedance transformer such as a quarter-wavelength
transmission line before this isolated path,.and the bandwidth of this impedance transformer is the
limit of the bandwidth of a SPDT switch or a.fnf;gip.l_e;port switch.

Besides, there is a bandwidth _limitation{'_'E:;_f- .a realized ‘inductor because of self-resonant
frequency. In MMW circuit design, a frénsr:nission Jihe -with high characteristic impedance Z. and
electrical length of € can behave like an inductor; .and. thus, inductors in Fig. 2.8 can be replaced by

a transmission line which satisfies

=Z_ tan@ (2.6)

Although € changes with frequency to make the limitation of bandwidth, the bandwidth of

switches composed of transmission lines is usually enough in realistic application.
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Chapter 3 Millimeter-Wave Filter-Integrated
SPDT Switch

3.1 Introduction

MMW SPDT switches are one of the key components in RF front end. Low insertion loss,
high isolation, and required power handling are important characteristics of a switch. Besides, in a
communication system, a filter is often hecessary to filter unwanted band. A switch and a filter can
be merged into one single circuit [1]:/This concept is used to design a 60-GHz SPDT switch in
65nm technology. : "~ .

This chapter first introduces some kindsl'-i'of microwave filters, and then the theory of

filter-integrated switches is introduced.  Finally, a:V-band SPDT switch using 65nm CMOS

technology and a 60-110GHz SPDY switch using 90 nm CMOS technology will be presented.

3.2 Basic Concepts of Filter-Integrated Switches [15]

This section is composed of three subsections to let readers understand the principle of

filter-integrated switches easier.

3.2.1 Synthesis of Microwave Filters [2]-[3]

16



Microwave filters can be composed of T-sections of L-C, or z-sections of L-C. By cascading
more T-sections or z-sections to synthesize a microwave filter, the sharper frequency response can
be achieved to reject undesired band better. Some specific values of L-C can synthesize specific
types of filters, such as Chebyshev filters or maximally flat filters. Chebyshev filters are also called
equal ripple filters, because the transmission coefficient of them has equal ripple in desired band.
The transmission coefficient of maximally flat filters is flat in its desired band. Besides, Chebyshev
filters have sharper frequency response than maximally flat filters.

Low pass prototypes of microwave filters are shown in Fig. 3.1. Fig. 3.1(a) is a prototype of
low pass filter, and it begins with a shunt capacitor. Fig. 3.1(b) is another prototype of low pass
filter, and it begins with a series inductor. 'We denote the L and C in Fig. 3.1 as Ly and C,
respectively. The values of Ly and Ci;can'be founc_i by tables in microwave engineering books or
microwave filter books such as [2],[3]. For a lowfpass filter, the design value of indeed inductor and

]

capacitor can be found by

L'= (3.1)
a)C
C
C,'=—=~ 3.2
“ T Ro (3.2)

@ 1s the cutoff frequency and Ry is the referenced impedance. Both @, and R, are given by the
designer. Therefore, the designers only have to decide the order of the filter, cutoff frequency, and

referenced impedance, and then the design of a low pass filter is finished.
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Fig. 3.1. Basic prototypes of low pass filters. (a) Prototype beginning with a shunt element. (b)

Prototype beginning with a series element.

The design procedure described above can be also used to high pass filters and low pass filters
by some transformation. For high pass filter, frequency @ should be substituted by -@./@. By doing
so, the inductor in the prototype of a low pass filter will be replaced by a capacitor, and the

capacitor will be replaced by an inductor.

. a, [0
For band pass filter, frequency @ should be substituted by N , where @y
-0\ o

denotes the center frequency and ax is the arithmetic mean of @y and @,. By using the above

relationship, this will make the inductor in low pass prototype replaced by an inductor series with a

18



Short stub

Fig. 3.2. A band pass filter composed of quarter-wavelength transmission lines.

capacitor, and the capacitor in low pass prototype replaced by a capacitor parallel with an inductor.

3.2.2 Transmission Line Integrated Filters[0]

42 ]

In microwave frequency, the behavior :of a transfni__ssion line can be viewed as an inductor or
capacitor upon the length and termina.tion. Thefefore, there must be a transformation of
transmission lines with inductors or capacitors. According to the previous subsection, the proper
value of inductors and capacitors can form a microwave filter, and hence, proper transmission lines
can similarly form a microwave filter. A transformation called Richard’s transformation [3] can be
used to prove the above described contents.

A microwave filter composed of shorted quarter-wavelength transmission lines will be
introduced in this section. This kind of filter can be synthesized by short-circuited stubs of
quarter-wavelength

Short-circuited stubs of quarter-wavelength replace the shunt element in Fig. 3.1(a), and series

quarter-wavelength transmission lines replace the series elements in Fig. 3.1(a). Fig. 3.2 is the
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transmission line integrated filter,

quarter-wavelength.
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(3.3)

arc

Eq. (3.3) is very useful to synthesize a filter of quarter-wavelength transmission lines. The

designer only has to decide FBW and calculate the value of characteristic admittance of each stub,

and then the design of a filter is finished.
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Fig. 3.3. Equivalent circuit of a shunt quarter-wavelength transmission line, it can be further

synthesized with an off-state transistor.
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Fig. 3.4. Equivalent circuit of a series quarter-waveléngth transmission line.

=%

3.2.3 Filter-Integrated Switches [15]

The concept of filter-integrated switches was developed in [1]. Furthermore, the reduced-size
version is further studied in [4]. The design principle of filter-integrated switches is based on the
filter of quarter-wavelength short stubs. Since each quarter-wavelength short stub can be modeled
as one inductor parallel with a capacitor near the center frequency of quarter-wavelength as in Fig.
3.3. Therefore, the shunt quarter-wavelength short stub can be replaced by an off-state transistor
parallel with one high impedance (Z>Z;) short stub whose length is shorter than
quarter-wavelength. Furthermore, since the equivalent circuit of one series quarter-wavelength
transmission lines can be modeled as one two shunt capacitors with one series high impedance

21



transmission line less than quarter-wavelength as in Fig. 3.4 [5]. Therefore, the reduced-sized
version of filter-integrated switches can be designed by combining the equivalent shunt Cy and Cy+

into the off-state transistors. Hence, the electrical length of series transmission lines can be reduced.

3.3 Circuit Implementation of V-band
Filter-Integrated SPDT Switch in 65 nm CMOS

Process

Before designing an RF switch, the _choice of téchnology is considered first. The performance
of the switch implemented in different processes is mainlydependent on the resistance of on-state
transistor and the capacitance and resistanceJ (-.)E:%ff-.state transistor. To compare the technologies
fairly, the device size of each process is’ c_:ho_seln té-\:have. the safne resistance of the on-state transistor.
Therefore, the process with smaller capacitance and lal;ger resistance of off-state transistor is the
one can operate higher frequency and can achieve better performance for the design of switches.
The input impedance of on-state and off-state transistors for 0.18 um, 90 nm, and 65 nm CMOS are
shown in Fig. 3.5. To achieve the on-state resistance the same for each process, the total gate width
of the NMOS of 0.18 um CMOS is chosen as 96 um, the total gate width of the NMOS of 90 nm
CMOS is chosen as 60 um, and the total gate width of the NMOS of 65 nm CMOS is chosen as 88
um. On this condition, the value of off-state capacitance at 60-GHz is 68.1 fF, 43.3 fF, and 39.5 fF
for 0.18 um, 90 nm, and 65 nm CMOS, respectively. If the switch is designed to operate at the
same center frequency with the same isolation, the process with longer gate length will provide the
insertion loss with narrower bandwidth due to the larger off-state capacitance in longer gate length

process. Besides, it can be seen from Fig. 3.5(b) that the resistance of the off-state NMOS for each
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process is very close to each other, and this means that the loss of switches in each process will be
dominated by the loss of passive components such as inductors and thin-film microstrip lines.
Furthermore, realized inductors and thin-film microstrip lines can only operate below their
self-resonant frequency, and the self-resonant frequency is dependent on each process. For a switch
operating at 100 GHz, the self-resonant frequency of passive components of the corresponding
process should be higher than 100 GHz.

Fig. 3.6 shows the schematic of the designed 60-GHz SPDT switch. This switch is based on
the filter-integrated type. All the transmission-lines in Fig. 3.6 are thin-film microstrip lines. The
series-shunt approach only functions well in low frequency. The resonant approach can be used in
MMW frequency, but it can only cover the band near the center frequency. Although distributed
switches have the broadest bandwidthy it is necessary to shunt more transistors than the
filter-integrated type, and hence it causes mofe insertiof-loss.

-

— -
—

A
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freq (1.000GHz to 100.0GHz)
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freq (1.000GHz to 100.0GHz)
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Fig. 3.5. (a) The input impedance of on-state transistors for 0.18 pm, 90 nm, and 65 nm CMOS. (b)

The input impedance of on-state transistors for 0.18 wm, 90 nm, and 65 nm CMOS.
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Fig. 3.6. Circuit schematic of a 60-GHz SPDF switchl

The choice of device size is important for switch désign. The larger device has larger parasitic
capacitors but smaller parasitic resistors. The smaller device has smaller parasitic capacitors but
larger parasitic resistors. Since the through state of filter-integrated switches is composed of shunt
off-state transistors, the higher parasitic capacitors reduce the bandwidth. Besides, the smaller shunt
resistors can lead to better isolation since the function of isolation is by transforming low
impedance to high impedance. The smaller the resistor locates at the right side of Smith chart, the
higher impedance is achieved after quarter-wavelength transformation. Therefore, the larger device
with smaller resistors can provide better isolation. There is trade off between larger devices and

smaller devices.
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Fig. 3.7. (a) The simplified model of a shunt off-state MOSFET. (b) The simplified model of a
shunt off-state MOSFET without body-floating. (c) The simplified model of a shunt off-state
MOSFET with body-floating.

The large-signal simplified models' for a shunt off-state MOSFET can be modeled as in Fig.
3.7 [7]. If the bulk of the shunt transiston/s Q_or{nected to'ground, the simplified model is as shown
in Fig. 3.7(b). If the bulk of the shunt transist(;r-.i'_g‘%orinected to a large resistor, the simplified model
is as shown in Fig. 3.7(c). Without body-ﬂ()latirliig:, the diode” between the body and the source is
shorted, and hence, the current can ﬂéw from ground o drain through only one diode which is
modeled as a resistor as in Fig. 3.7(b). With body-floating, the current from ground has to flow
through the large resistor to drain as in Fig. 3.7(c). Therefore, under the same voltage swing at the
drain, the current of the MOSFET with body-floating is less, and this leads to the equivalent
impedance of a shunt MOSFET with body-floating higher. The results can be seen from Fig. 3.8(b).
The power handling of a shunt MOSFET is mainly dependent on the pinch-on voltage Vg of the
parasitic diodes [7]. Besides, if the bulk is floating and connected to a negative voltage —Vpias, the
voltage swing at the drain of a shunt MOSFET can go from -V to -(Vg+ Vbias). Therefore, the
technique body-floating with negative bias at the bulk can improve the power handling and the

insertion loss of a shunt-type switch.

Fig. 3.8 shows the impedance of passive NMOS. S;; and S, is the impedance of device with a
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large resistor between source and body for on-state and off-state, respectively. S33 and Su4 is the
impedance of device without a large resistor between source and body for on-state and off-state,
respectively. From this comparison in Fig. 3.8, we can know if there is a large resistor between
source and body, the parasitic resistors of off-state transistors can be reduced. In our simulation
based on the circuit in Fig. 3.6, the design with a large resistor between source and body can
improve insertion loss better than 1 dB as shown in Fig. 3.9. Besides, due to adding a large resistor
does not have much impact on on-state of transistors as in Fig. 3.8(b), the simulated isolation of the
switch with large resistor is close to that without large resistor as shown in Fig. 3.9 (b).

In Fig. 3.6, Z7 is chosen for 50-Q, and hence the width is about 7 um for 65 nm CMOS
technology. Z,, Z,, and Z,, should be chosen for high impedance in CMOS, but the width of 4 um
can only achieve about 60-Q; therefore, the.widths-are all 4 um. The width smaller than 4 um
causes very high loss, and that is why the‘nan_rower wi.dth' of thin-film microstrip line is not used. Lt
is about quarter-wavelength to achieve impéd%@j;:_fransformation. Ly, L,, and L, are chosen to
meet the condition to design a 3™ filfers as .descgbed in the‘previous sections. These lines behave
like inductors because of high impedan;é. T:he 31 ﬁlte_:lr-ihtegrated switch has three shunt resonators.
Two resonators are composed of the shunt off-state transistors with L; and L, at the through arm.
The other is composed by the isolated arm which is formed by quarter-wavelength with on-state

transistors.
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m1 60 GHz Impedance = 50 * (0.172 - j8.502E-4)

N

freq (1.000GHz to 100.0GHz)

S(1,1), S(2,2): w/o body-floating
S(3,3), S(4,4): with body-floating (a)

m1 S22 60.00GHz impedance = 50 * (0.255 - j1.440)

m2 S44 60.00GHz impedance = 50 * (0.089 - j1.624)

[
N

freq (1.000GHz to 100.0GHz)

S(4,4)
S(2,2)

Fig. 3.8. The impedance of a passive NMOS in 65 nm CMOS. (a) On-state passive NMOS. (b)

Off-state passive NMOS.



= With larger resistor

= = =Without larger resistor

Insertion loss (dB
1 1
- —_
(] o
T T

-14
-16
-18
-20
0 10 20 30 40 50 60 70 80 90 100
Frequency (GHz)
(a)

0

5 0F

= With large resistor

215 = = ' Without large resistor

Isolation (dB
S

-40 ' l
0O 10 20 30 40 S50 60 70 8 90 100

Frequecny (GHz)

(b)

Fig. 3.9. Simulated with and without large resistor between source and body. (a) Insertion loss, (b)

isolation.
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Antenna

Tx Rx

Fig. 3.10. The chip photo of 60-GHz SPDT filter-integrated switch. The chip size is 1500 um x 250
wm.

250 um.

This SPDT switch is measured via on-wafer probing. Anritsu 37397D network analyzer is
used to measure the S-parameters below 65 GHz. The simulated and measured insertion losses are
shown in Fig. 3.11. The measured insertion loss quite agreed with simulated insertion loss. The
insertion loss is about 3.2-4.5 dB in 40-80 GHz. The measured return loss is shown in Fig. 3.12.
The measured return loss is better than 10 dB in 40-90 GHz. The measured isolation is about 20-27
dB in 40-80 GHz as shown in Fig. 3.13. There are some differences between the measured isolation
and simulated isolation. If a small resistor about 5 ohm is added in the on-state of NMOS, the
simulated isolation will become about 25 dB. The reason why the measured isolation cannot fit with

simulated isolation might be the underestimate parasitic resistor of the NMOS in 65 nm CMOS.
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The measured insertion loss versus input power at 60 GHz is shown in Fig. 3.14. There is no
obviously 1-dB insertion loss compression point. The measured isolation versus input power at 60

GHz is shown in Fig. 3.15. There is also no power compression point for isolation.
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Fig. 3.11.
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Fig. 3.12.
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Simulated and measured return loss of 60-GHz SPDT switch.
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Fig. 3.15. Measured isolation versus input power.
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Fig. 3.16. Comparison of the loss of thin-fili microstip.lines in 65 nm CMOS and 90 nm CMOS.
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3.5 Circuit Implemehtat{oﬁz ()',f__ 60 to 110 GHz SPDT
Switch in 90 nm CMOS,

=]

In fact, the architecture of the 60 to 110 GHz SPDT switch using 90 nm CMOS is similar to
Fig. 3.6 except that the device sizes are 4 um x 16 for 90 nm CMOS. The input impedance of the
NMOS with and without body-floating is shown in Fig. 3.17.

The body-floating technique is also adopted to design this SPDT switch due to the benefits
discussed in section 3.3. The resistance of on-state NMOS is chosen for 9 ohm to achieve an
isolation of 30 dB in simulation. The capacitance of off-state NMOS is 0.435 pF. The lengths of
thin-film microstrip lines in this switch are centered at 80 GHz. The width of 50-ohm thin-film

microstrip lines in 90 nm CMOS is 10 um. The comparison between the loss of 50-ohm thin-film
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microstrip lines in 65 nm CMOS and that of 90 nm CMOS is shown in Fig. 3.16. Since the lower
loss in 90 nm CMOS, it is more suitable to use 90 nm CMOS to design passive RF elements

including switches.

36



| m1 80.00GHz impedance =50 * (0.187 - j0.048) |

ST

S(1,1), S(2,2): w/o body-floating
S(3,3), S(4,4): with body-floating

\_/

freq (1.000GHz to 150.0GHz)

(a)

m1 S22 80.00GHzimpedance = 50 * (0.114 - j0.901)

m2 S44 80.00GHzimpedance = 50 * (0.090 - j0.910)

w4

S(4,4)
S(2,2)

freq (1.000GHz to 150.0GHz)

(b)
Fig. 3.17. The impedance of a passive NMOS in 90 nm CMOS. (a) On-state passive NMOS. (b)

Off-state passive NMOS.
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Antenna

Fig. 3.18. The chip photo of the 60-110 GHz SPDT switch with a size of 400 um x 750 pum.

3.6 Experimental Results of 60 to 110 GHz SPDT
Switch in 90 nm CMOS

The chip photo of this 60-110 GHz SPDT switch in 90 nm CMOS is shown in Fig. 3.18. The
chip size is 400 um x 750 wm.
This SPDT switch is measured via on-wafer probing. Anritsu 37397D network analyzer is

used to measure the S-parameters below 65 GHz. The simulated and measured insertion losses are
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shown in Fig. 3.19. The measured insertion loss quite agreed with simulated insertion loss. The
insertion loss is about 3-4 dB in 60-110 GHz. The measured return loss is shown in Fig. 3.20. The
measured return loss is better than 10 dB in 50-110 GHz. The measured isolation is better than 25
dB in DC-110 GHz as shown in

Fig. 3.21. The measured isolation also quite agreed with simulated isolation. The reason of the
difference between the measured isolation and simulated isolation above 65 GHz is due to the
precision of calibration for the band of 65-110 GHz. The measured power performance at 75 GHz
of this 60-110-GHz SPDT switch is shown in Fig. 3.22, and the power performance of 1-dB
compression point appears about Py, = 10.5 dBm.

The data above 110 GHz cannot be measured due to the limitation of the instruments.
However, the 110-150-GHz frequency response can be predicted by simulation, and the simulated
insertion loss goes more than 4 dB at 115 GHZ.

-
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Fig. 3.19. Simulated and measured insertion loss,0f 60-110 GHz SPDT switch.
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3.7 Summary

The MMW SPDT switch using 65 nm CMOS process is demonstrated in this chapter. There is
quite agreement between the measured results and simulated results. The insertion loss is about
3.2-4.5 dB in 40-80 GHz. The return loss is quite good and it is better than 10 dB in 40-80 GHz,
since the filter-integrated switch topology can provide good matching. The isolation is about 20-27
dB in 40-80 GHz. There is no power compression point for insertion loss and isolation even the
input power is 5 dBm.

Besides, the 60-110 GHz SPDT using 90 nm CMOS process is also demonstrated in this
chapter. There is also a quite agreement between the measured results and simulated results. The
insertion loss is about 3.0-4.0 dB in 60 LI0"GHz. T_he return loss 1s quite good and it is better than
10 dB in 50-110 GHz, since the ﬁlter-integra}é&'@@i‘tch topology can provide good matching. The
isolation is better than 25 dB in DC-110 GHZ T1hls s_\3vitch is the highest frequency CMOS SPDT
switch reported to date. &

The comparison of CMOS switches is shown in Table 3.1. The SPST switch in 65 nm CMOS
[8] shows good performance, but the design approach of simply shun transistors can only be used in
SPST switch design. It can be observed that the 90 nm filter-integrated SPDT switch in this thesis
has the highest operating frequency and has very good performance. Besides, since the passive
components (thin-film microstrip lines) have higher loss in 65 nm CMOS than 90 nm CMOS in our

simulation, it might be better to design passive RF components in 90 nm CMOS.
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SUMMARY OF THE PERFORMANCE OF REPORTED SWITCHES IN CMOS PROCESS

Table 3.1

Technology Design Frequency | Insertion | Isolation /O Ref.
Approach (GHz) Loss (dB) (dB)
65 nm Shunt DC-94 1.6 19-30 SPST [8]
CMOS
90 nm Traveling wave 50~94 <33 >27 SPDT [9]
CMOS concept
130 nm Transmission-line| 57~66 4.5~5.8 24~26 SPDT [10]
CMOS integrated
180 nm Traveling wave DC~50 =6 >38 SPDT [11]
CMOS concept )
90nm CMOS | LC-tuned 4 ;:'35 22 SPDT [12]
130 nm SiGe |Transmission-line 51~78:! | 12~27 >25 SPDT [13]
integrated . 4 -l ' v
130 nm Series-shunt 33~43 <3 >25 SPDT [14]
CMOS
0.15 um GaAs| Filter-integrated 42~67 <2.5 >27 SPDT [15]
HEMT
0.15 um GaAs| Filter-integrated 40~60 <1.5 >22 SPDT [16]
HEMT
90nm CMOS | Filter-integrated| 65~110 3-4 >25 SPDT This
work
65 nm CMOS | Filter-integrated| 40~80 3.2~4.5 >20 SPDT This
work
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Chapter 4 Topology Analysis of Millimeter
-Wave Multiple-Port Switches

4.1 Introduction

RF switches are important components in the front end of the RF transmit/receive (T/R)
communication systems to control microwave signals. Recently, the importance of wireless service
has increased rapidly, and higher network' capagity with better performance is required. A
beamformer system using multiple antennas both at the'transmitter and receiver can improve the
efficiency of the spectrum greatly by spatial r-n.liﬁipléxing [179-[20]. In a beamformer system, it is
important to have a good multiple-port switch. d

There are many approaches to désign a:passive field<effect transistor (FET) switch. For the
frequency below 20 GHz, switches using series or shunt HEMTs (or FETs) in [21]-[23], and
traveling-wave concepts in [24] are reported with good performances. In the millimeter-wave
(MMW) frequency range, the traveling-wave concept is usually used to realize wideband switches
[25], [26]. Switches using the impedance transformation technique are reported with good isolation
[27], but they show narrowband performances and occupy a large chip area. MMW switches based
on resonant-type structures or filter-integrated switches are reported with good performances in
[28]-[32]; however, they are still narrowband designs. Nevertheless, most of the above-mentioned
switches [21], [22], [25]-[30], [33]-[36] and switch products [37], [38] are
single-pole—multiple-throw (SPMT) designs, and there are only a few studies that discuss

multiple-port switches [39]-[43].
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Multiple-port switches in series-shunt topology were reported with good performances below
10 GHz [39]-[41]. Multiple-port switches using microelectromechanical system (MEMS)
technology presented good performances to around 20 GHz [42], but the MEMS process is not
compatible to most monolithic microwave integrated circuit (MMIC) processes and the high
voltage of the MEMS switch makes it not easy to use in real applications. A multiple-port bandpass
filter-integrated switch is reported in [43], but it is designed for narrow bandwidth.

In this chapter, we have categorized MMW multiple-port switch topologies. The formulations
of the bandwidth, insertion loss, and isolation with respect to different topologies are also derived.
Based on the analysis, the limitations of RF performances of multiple-port switches are mostly
dominated by their topologies instead of the unit switch cell. It means that once the topology is

selected, the performances can be predicted according to the derived equations.

&t

4.2 Introduction to WDifferent' . Type Multiple-Port
Topologies

Fig. 4.1 shows four types of topologies of MMW multiple-port switches with two inputs and
four outputs. For a signal flow from multi-input to multi-output, binary-tree logic is intuitively
considered, and the topology is shown in Fig. 4.1(a). In [41], a matrix type structure was used to
realize an n x m switch. Similarly, a matrix topology can be used to form a multiple-port switch, as
shown in Fig. 4.1(b). A net-type multiple-port topology is proposed in Fig. 4.1(c). Another topology
to implement a multiple-port switch is a ring-binary type, which is shown in Fig. 4.1(d). Compared
with the binary-tree topology in Fig. 4.1(a), the ring-binary type has the advantage of its simple

control logic to control the signal flow [39].
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4.3 Analytical Derivation of Insertion Loss of

Multiple-Port Topologies

In order to analyze these four types of topologies in Fig. 4.1, we construct equivalent-circuit
models to investigate the insertion loss and bandwidth performances in the thru-state. Simply a
series, shunt, or series/shunt HEMT design approach is not suitable for a high-frequency switch. Fig.
4.2 shows a block diagram for the on state of the unit switch, and the equivalent-circuit model for
the off state of the unit switch. For MMW passive HEMT switch design, a quarter-wavelength
transmission line is needed to transform an off-state single-pole—single-throw (SPST) switch from
low impedance into high impedance for bloeking the RFE.signal [25]-[27], [29], [30], [33], [34].
Therefore, the quarter-wavelength transrﬁissiqn lines aresincluded in the unit switches, as shown in

the equivalent-circuit model of Fig. 4.2(b). | [ | =
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Fig. 4.1. Four types of multiple-port switch topology. (a) Binary-tree type. (b) Matrix type. (c) Net
type. (d) Ring-binary type.
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Fig. 4.2. (a) Block diagram for the on'state ofthe unitiswitch. (b) Equivalent-circuit model for the

off state of the unit switch.

Based on the unit switch defined abox;.;r:,' the off-state unit switch is modeled as a
quarter-wavelength transmission line cz)ﬁn_eéted byra~small resistor with a parasitic inductor so we
model a though path between the input port and.output port of these four types of topologies, as
shown in Fig. 4.3. In order to simplify the analysis, we ignore the parasitic inductor of on-state
HEMTs. Since the unit switch is designed with the same characteristics, the behavior of each
on-state unit switch is modeled as the loss of off, C,j) caused by the SPST switch and electrical
delay of @, where f denotes frequency; furthermore, the input and output match of a unit switch is

assumed perfect for simplicity.

The binary-tree type is analyzed first. The transmission coefficient, denoted as S, , of that, can

be derived as
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net type, and (d) ring-binary type.
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where r,, denotes the R,, normalized by the referenced impedance of Z,= 50Q.

The electrical length of the quarter-wavelength transmission line for center frequency f, can be

represented by
g="xl (4.2)
2 f

The magnitude of the transmission coefficient of the binary-tree-type topology can be derived

as
\/ + tan (2><]j:)I | f! 2\/_1§}n2+tan2(72[><j:)

[Sua] =latr.C > ° (43)

\/(rm+l) +(1+7,) tan( xf) \/(2;« +1) +(2+7, ) tan( xf)
2=Jo- Jo
Similarly, the magnitude of the transmission coefficient of matrix type (S»1) is obtained as

2\/ron2 +tan2(72[><j]:) 2\/ro,f +tan2(72’><f)

NE R - X 0 (4.4)

\/(2r +3)2 +(2+3r, )’ tan’ ( x j{ ) \/(2r0n+1)2+(2+r0n)2 tanz(’;xj{)

0 0

and the magnitude of the transmission coefficient of net type (S21) is
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0

The magnitude of the transmission coefficient of ring-binary type (521 4) is

2 |r,? +tan’ (zxi r,? +tan’ (zxi)
2 Jo 2 J
X (4.6)

J(zrw @) () J(r,m #) ) x)

0 0

‘SZI,d ‘ = ‘a(f, quf )‘2

From (4.3)—(4.6), we can find that the insertionloss can.be represented as a general form

=)
S (4.7)

121l =[Sensrsr O Cop X[ Set ot Rers Oy ||

|

|

where [|S21, sest (f, Cofr)| represents the iﬁsertiori loss of the unit switch, and the second term

1821, topology (Ron, 0)| stands for the loss caused by the loading effect according to different topologies
described in Fig. 4.1(a)—(d), respectively.

The insertion loss |21, spst (f, Cofr)] in each topology from SPST switches is directly
proportional to the number of unit switches along a through path from input port to output port.
There are three unit switches along a through path for the binary- tree type; the matrix type has one,
the net type has two, and the ring-binary type has two unit switches along a through path,
respectively. It is observed that the matrix type has the lowest loss from unit switches and the
binary-tree type suffers the most. However, the insertion loss resulted from the loading effect |Sy;,

topology (Ron, @)| cannot be ignored. The switch with larger transistors can suppress the loading effect

better because of the smaller parasitic resistor, but the performance of a unit switch would degrade

53



due to the larger parasitic capacitor. To suppress insertion loss for each topology, we can choose the
proper device size to compensate the loss caused by the unit switches and loading effect.

To summarize insertion losses for the four types of multipleport switches, the loss of a unit
switch |$21, spst (f; Corr)| 1s denoted by & (dB), and we denote f, as the loading effect |S>1 wopology (Rons
0)| of shunt n (n = 1,2,3,4) quarter-wavelength transmission lines in decibels, respectively. f, is

approximately 2/, f3 is approximately 34, and f4 1s approximately 45;.

4.4 Analytical Derivation of Bandwidth of
Multiple-Port Topologies

The frequency response of an SPST sv&./itc‘.h,_cén.usually-cover many octave bandwidths [25],

and the restriction of the bandwidth of a multipfé’";port,switch is mainly dominated by its topology.
Therefore, in the derivation, it is assumed, that thédoss of a SPST switch is constant over the band.

Hence, the 1-dB bandwidth can be determiﬁed by éolving

151 s (R, )| =0.8 (4.8)
The 1-dB bandwidth of each topology is defined as

BW=f,—f (4.9)

where f, denotes the upper 1-dB frequency and f; denotes the lower 1-dB frequency.

Since the imperfect normalized resistor 7o, is much less than 1, to simplify the analysis, we
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ignore the high-order terms of r,,. By substituting (4.3) into (4.8), the 1-dB bandwidth of the

binary-tree type is obtained as follows:

1/2
5+18r +./25+188
BW =2, 1—3tan-1[ Fon r""} (4.10)
T

2(1-12r)

on

Similarly, the 1-dB bandwidths of other topologies are

2(1-16r,)

1/2
104287 +./110+ 448
BW, =2f, 1—3tan-[ on } 4.11)
T

BW, =2/, l—ztam’1 4 |—lon Ay (4.12)
V4 1-16r,, | === ||
1 | -.

_ 142 % ;
5+18r +.,/25+188
BW, =2/, 1—3tan1[ fon r”"] (4.13)
T

2(1-12r,)

From (4.10)—(4.13), the 1-dB bandwidths of binary-tree type (BW,) and ring-binary type (BW,)

are the same.
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Frequency responses of different topologies ;{gdr: insertion loss and bandwidth according to

(4.3)—(4.6) are plotted in Fig. 4.4. It-is notqld| thafi_;; inl'll!fig. 4.4, R, 1s set to be 5Q in solving these
equations, which is reasonable for an MMW Is_witch m} ‘Eh"'e GaAs HEMT process [25]. The loss o of
each unit switch is mainly affected by off-state capacitances of HEMTs. In solving these equations,
« is assumed to be 1 dB by considering that the reasonable Cy in the GaAs HEMT process [25]
would lead to such an amount loss. From Fig. 4.4, we observe that the matrix type has the lowest
insertion loss, and the binary-tree type has the highest insertion loss. The bandwidth of the
binary-tree type and ring-binary type are better than the other two topologies. Owing to the severe

loading effects, the bandwidths of the net type and matrix type are narrower than those of the other

two types.
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4.5 Isolations of Multiple-Port Topologies

Isolations can be approximately decided by the number of off-state unit switches that a signal
undergoes from input port to output port, and this approximate evaluation would help a lot when we
design switches. For the binary-tree type, the number of off-state unit switches between each port is

one, two, or three. We denote the isolation that an off-state unit switch can provide as SO (dB).

4.6 Summary of Topology Analysis

To implement a realistic multiple=port swfféh, .the feasibility of layout should also be taken
into consideration. There are more junctions alnd iéi'terc()nnect.lines for binary-tree type, matrix type,
and ring-binary type, and a larger chip .area issrequired. The net type would be more compact since
there is only a junction. It is observed that the net-type topology needs the least number of unit
switches, only six, and the other topology requires eight unit switches.

Table 4.1 shows the comparison between different multiple-port switch topologies. Insertion
loss, isolation, bandwidth, and the required number of unit switches are summarized. Each topology
has its own merits. Since good isolation is much easier to achieve than low insertion loss, regardless
of the greatest isolation of binary-tree type, we can find that the ring-binary-type topology is
optimal for a broadband and low-loss multiple-port switch design. For narrowband multiple-port
switch design, the net-type topology is adopted since the reduced number of composed unit

switches would make this multiple-port switch much more compact than others.
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SUMMARY OF DIFFERENT MULTIPLE-PORT SWITCH TOPOLOGY

Table 4.1

Topology Binary-tree Matrix type Net type Ring-binary
Insertion loss 3o+ 36 o +4p; 20 + 4f, 20+ 3p,
Isolation 1S0, 2x1S0, 1SO 1SO IS0, or 2xISO
or 3x1SO
1-dB bandwidth Broad (50%) | Narrow (30%) | Narrow (30%) Broad (50%)
Number of unit switches 8 8 6 8
A
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Chapter 5 Design of Millimeter-Wave
Multiple-Port Switches

In this chapter, two MMW multiple-port switches using net-type topology and
ring-binary-type topology, respectively, are realized to verify the analysis in chapter 4. The net-type
multiple-port switch is designed by Dr. Shih-Fong Chao and the ring-binary-type multiple-port

switch is designed by the author of this thesis.

5.1 MMIC Process

—

The process used in this design is-WIN Sem-i::onductors’ 0.15- ym GaAs pHEMT. The HEMT
device has a typical unit current gain cutoff frequency (fr) of higher than 85 GHz and maximum
oscillation frequency (fmax) of higher than 120 GHz at 1.5-V drain bias with peak dc
transconductance (Gn) of 495 mS/mm [44]. The gate—drain breakdown voltage is approximately 10
V, and the gate-to-source voltage at peak transconductance at 1.5-V drain—source voltage is 0.45 V.

These HEMTs are biased in the passive mode, and we model their passive small-signal
equivalent circuit as on state and off state. The on-state model is represented as an inductor series
with a resistor, and the off-state model is represented as an inductor series with a resistor and
capacitor [27]. The gate of the on-state HEMT is biased at 0 V, and the gate of the off-state HEMT

is biased at 3 V.
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5.2 Design of Unit Switch Cells

The distributed unit switch with wideband characteristics [25] and a filter-integrated unit
switch [32] are used for discussion in this section. A circuit schematic of the distributed unit switch
is shown in Fig. 5.1. When the HEMTs are turned off, the periodically loaded off-state capacitor
along with the inductive transmission line form an artificial transmission line of 50 to pass the RF
signal. When the HEMTs are turned on, the input node presents a low impedance. To form a
multiple-port switch, a 50-Q quarter-wavelength transmission line is needed to connect at the front
of each SPST cell to transform from low impedance to high impedance at the isolated arm.

Fig. 5.2 shows the schematic of a unit filter-integrated switch. The filter-integrated unit switch
contains two HEMTs, two short stubs, afd an inte_rc.onnect transmission lines. At Vy = -3 V, the
shunt HEMTs are turned off, the shert stustz-l.ll'E‘z'deéigned to-resonate with the capacitance of the
off-state HEMT to let the RF signal pass.lAtleg H0 V,.the shunt HEMTs are turned on, a
low-impedance value will be seen fr;)m the-input, and d quarter-wavelength transmission line

section will be needed to transform from low to high impedance when being isolated. This

filter-integrated unit switch is designed as the maximally flat type filter of third order.
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Fig. 5.2. Circuit schematic of a filter-integrated unit switch.

The distributed unit switch is designed with characteristics of insertion loss of 0.75-1 dB and
isolation better than 25 dB, and the filter-integrated switch with characteristics of insertion loss of
0.5-1 dB and isolation better than 30 dB. Since there is loading effect, 5, is approximately 0.5 dB,
/% is approximately 1 dB, and £, is approximately 2 dB.

Based on the topology discussion for net type and ring-binary type in chapter 4, insertion
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losses of the six-port switch are expected at approximately 3.5-4 and 3-3.5 dB, respectively.

Isolations of two switches are expected better than 25 and 30 dB, respectively.

5.3 Millimeter-Wave Multiple-Port Switches Design

Based on the unit switches designed above, we substitute the distributed-type and
filter-integrated unit switches into the topology of net type and ring-binary type, respectively, in
order to verify the performances of a multiple-port switch, which can be predicted by both its
topology and the unit switch as the analysis we have proposed.

Fig. 5.3 shows the circuit schematic of the 60-GHz net-type six-port switch, which is formed
by distributed-type SPST switches, and it'was desig_rled by, Dr. Shih-Fong Chao [45]. The six SPST
switches are combined via a symmetsic six-wélgffjfh:at_c.hing junetion to form a six-port switch. At the
isolated ports, the HEMTs at the isolated anﬂs arl'éé"turnéd on, ‘and will show a low impedance value
at the interface of the six-way junc;cion.. The low ifnpedance will be transformed into high
impedance at the center of the matching junction to block the RF signal. At the thru-ports, the shunt
HEMTs at the thru-arm are off. The off-state capacitors then periodically load the inductive
transmission line (linewidth = 10 g#m) at an optimal length (L; = 108 g#m) to form an artificial
transmission line of 50 Q. The RF signal will then pass through the input thru-port to the output
thru-port via the six-way matching junction. The six-way matching junction is formed by six 50-Q
transmission lines with taper shape at the connected interface to reduce the discontinuity effects.
The advantage of the proposed multiple-port switch is that each port of the six ports could be an
input port or an output port. The concept can also be applied to design switches with a different
number of ports. Compared with the multiple-port switch formed by directly connecting the

single-pole—double-throw (SPDT) ones, the other advantage of using a six-way matching junction
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Fig. 5.3. Schematic of MMW multiple-port switches: net-type topology based on distributed

switches.

is that the total chip size can be significantly reduced.
Fig. 5.4 shows the schematic of the 60-GHz six-port switch using a ring-binary topology with
filter-integrated unit switches. In this design, since each unit switch consists of only two HEMTs

less than three HEMTs of the distributed-type switch, the insertion loss can be reduced. Moreover,
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Fig. 5.4. Schematic of MMW multiple-port: switches: binary-ring topology based on

filter-integrated switches.

the filter-integrated switch can provide better isolation than that of the distributed-type switch at the
same number of stages. Thus, the two-stage filter-integrated switch provides better insertion loss
and isolation. Although the control logic in Fig. 5.4 is more complex than in Fig. 5.3, this six-port
switch can also function as two independent SPDT switches simultaneously.

Fig. 5.5 shows chip photographs of these two six-port switches. Fig. 5.5(a) is the
distributed-type switch, which has a chip size of 2.0 x 1.5 mm®. The filter-integrated switch is

shown in Fig. 5.5(b), and the chip size is 2.5 x 2.0 mm®.
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5.4 Experimental Results

The two multiple-port switches are measured via on-wafer probing. An HP8510 network
analyzer is used to measure the S-parameters below 50 GHz with an additional V-band test set for
50-75 GHz. It is noted that since there two ports are on the same side of the chip, it is difficult to
terminate all the measuring port with 50-Q during testing. Thus, some isolated ports were left open
during testing. In fact, the isolated ports that were left open will not affect the other ports under
measuring because the high impedance of ‘the un-terminated ports will be isolated by the shunt
small on-state resistors on the isolated arm.

Consider the net-type six-port switch 1n F{gﬂ ..:5_..'5(a), dué to its physical layout, two different
insertion losses will be obtained at the outplitipo;f;.s -(33}, S41).:The measured insertion loss and input
return loss when portl and port3 are in the :on state (.5’3}; and §;;) are shown in Fig. 5.6(a), and the
measured insertion loss and input return loss Whefl poﬁ 1 and port 4 are in the on state (Ss; and Si;)
are shown in Fig. 5.6(b). he measured insertion losses at thru-ports are 4-5 dB in 48—65 GHz. The
measured isolations of the isolated ports are shown in Fig. 5.6(c).Except for port 3 and port 4 which
are measured as thru ports, the other ports are measured as isolated ports. Therefore, three kinds of
isolations (S21, Ss1, and Se;) were measured, and the measured results are shown in Fig. 5.6(c). The
discontinuous measured points at 50 GHz are due to the measurement instrument which has to be
operated in DC-50 GHz and 50-75 GHz separately.

The measured results of the ring-binary-type multiple-port switch are shown in Fig. 5.7. The
through path is portl to port3. Therefore, S3; is the insertion loss, and the other port to port

transmission coefficients are isolations. The measured insertion loss (S3;) is 3—4.5 dB with isolation
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Fig. 5.5. Chip photograph of the six-port switches. (a) Net-type topology with a size of 2.0 x 1.5
mm”. (b) Ring-binary topology with a size of 2.5 x 2.0 mm®.

better than 30 dB at 43—66-GHz. Since a filter-integrated unit switch is used to implement in this
topology, a filter-like frequency response of return losses can be observed in Fig. 5.7 (b). Similarly,
three kinds of isolations (521, S41, and Ss;) were measured, and the measured results are shown in
Fig. 5.7 (¢)

Comparing the measured data with the calculated results shown in Table 4.1, it can be
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observed that the distributed unit switch is designed with an insertion loss ¢ of 0.75—1 dB, isolation
ISO better than 25 dB, and the loading effect (4/3) in the net-type topology is approximately 2 dB.
Therefore, in the net-type topology, the insertion loss is expected to be approximately 3.5-4 dB
with isolations better than 25 dB, and 1-dB bandwidth is expected to be 30%. Furthermore, the
filter-integrated unit switch is designed with characteristics of loss ¢ of 0.5-1 dB, isolation /SO
better than 30 dB, and the loading effect (3/) is approximately 1.5 dB. For the same reason, in the
ring-binary-type topology, the insertion loss is expected to be approximately 3-3.5 dB with
isolations better than 30 dB, and 1-dB bandwidth is expected to be approximately 50%. The
measured results agree well with the predicted results from (4.3)—(4.13).

We also tried to measure the power compression performances of the switches. The
performances of Py, versus P;, were measured using a /-band power source and power sensor. Due
to the limitation of our input power soul.rce,__the maximum-input power is 17 dBm at 60 GHz as
shown in Fig. 5.8. However, the power comprq_désmn is not abserved for both the switches under
17-dBm input power. There are about 2-dB I.dliffeiénceé between simulation and the measured data.
The simulation for power performancef i.n F:ig. S 8 is-basedon the large signal model provided by
the foundry. However, there is much difference between the simulated and measured power
because the passive mode of both the large-signal model and small-signal model provided by the
foundry are not accurate enough. Therefore, we generated the small signal model based on the
measured device S-parameters instead, for our simulation.

These measured results show that when a unit switch is designed, the limitation of
performance of a multiple-port switch will be affected significantly by its topology. From the
measured results of the net-type six-port switch, the bandwidth and insertion loss are significantly
degraded compared with an SPDT switch. This is mainly due to the loading effects of the four
isolated arms. The imperfect open of the four parallel isolated arms will absorb some RF power

from the thru-ports, and the imperfection becomes more severe when the frequency deviates much
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further from the center frequency. Consequently, the RF bandwidth will be narrower. To resolve the
loading problem of a net-type six-port switch, several T-junctions are used to replace the six-way
matching junction of the net-type switch. The advantage of using a T-junction is that there will be
only one isolated arm loaded at each junction; therefore, the loading effect could be significantly
reduced. However, the overall circuit size will be increased, as can be observed from Fig. 5.5(a) and
(b).

Table 5.1 summarizes the previously reported performances and features of passive MMIC
HEMT switches. A resonant-type SPDT switch shows a narrow band in the FV-band [29], and
another SPDT switch shows an insertion loss of 4 dB [30], but our six-port switch shows almost the
same insertion loss and wider bandwidth compared with that in [27]. A 1-6-GHz multiple-port
switch is also reported using ring-binary: topology.[29]. However, the synthesis method cannot
easily be implemented in MMW frequencS/.
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5.5 Summary of Multiple-Port Switches

Different MMW multiple-port switch topologies have been discussed and studied in this
chapter. The equations used to predict the performances with respect to different topologies have
also been derived. Based on the equations, the insertion losses, isolations, and bandwidth could be
analyzed. Besides six-port switches, the analysis also provides the design guideline to design a
multiple-port switch in MMW frequency. Two 60-GHz MMIC six-port switches using different
topologies have been designed to verity this design approach. The net-type six-port switch has an
insertion loss of 4-5 dB with isolation better than 25 dB from 48 to 65 GHz. The other
ring-binary-type six-port switch shows an insertion loss of 3-4.5 dB with isolation better than 30
dB in 43-66 GHz. To the best of; our k_nowle_dge, these two circuits are the first MMIC

multiple-port switches demonstrated ever 50 GH‘!E: ;
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Table 5.1

SUMMARY OF THE PERFORMANCE AND FEATURES FOR PREVIOUSLY REPORTED PASSIVE

HEMT MMIC SWITCHES AND THIS STUDY

Technology Design Frequency | Insertion | Isolation /O Ref.
Approach (GHz) Loss (dB) (dB)
HEMT Resonant, series 94 1.6 22.5 SPST [28]
HEMT Resonant, series 55~63 <32 >23 SPDT [29]
HJFET Series resonant, 57 ~ 61 39~5 >30 SPDT [30]
shunt
HEMT M4, shunt 42 ~ 46 <1.6 >30 SPDT [33]
HEMT Impedance 53~61 =<4 >30 SPDT [27]
transformation .‘ .
network, shunt j;__ q ]
HEMT Traveling wave | 70~ 102 ’39~ » >30 SPQT [34]
concept & 5
HEMT Series 1~6 12~1.7 >20 Multiple-port | [39]
HEMT Filter-integrated 38 ~42 <4 >25 Multiple-port | [43]
HEMT Traveling wave 48 ~ 65 4~5 >25 Multiple-port | This
concept work
HEMT Filter-integrated | 43 ~ 66 3~45 >30 Multiple-port | This
work
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Chapter 6 V-band Medium Power Amplifier

6.1 Introduction

Today, the demand of millimeter-wave (MMW) wireless communication systems increases
rapidly due to the capability of high data transmission rate, and it makes the design of 60 GHz
transceiver an important topic [47]-[49].

To design MMW circuits, GaAs ' HEMT. can. achieve high performance, but it is hard to
integrate and thus leads to high cost. To achieve low costy higher integration of wireless transceiver
is a necessary trend. CMOS process is the sJu-.ii_ébl_e.choice for low cost and high integration. Due
to the high operating frequency of MMW cirlcuiltis'; the| unit clirrent gain frequency fr of devices is
often regarded as an index for MMW c.ircuits design. Nanofneter order CMOS process with higher
fr is capable to operate at MMW frequency; on the other hand, the characteristic of nanometer
process with lower drain to source voltage makes these devices poor power handling. Therefore, for
System-on-Chip (SoC) transceiver circuits, integration of CMOS PA is the bottleneck due to the
poor power handling capability.

Recently, several CMOS 60 GHz power amplifiers have been reported [48], [50]-[52]; from
those experimental results, it can be known that power amplifiers in 65 nm CMOS [48] show worse
power performance than those in 90 nm CMOS [51]. However, digital circuit takes great advantage
in deep sub-micron process such as saving power, higher speed, smaller chip area for low cost, and

e.t.c. Therefore, to integrate RF blocks with digital circuits for low cost, design of power amplifiers

in 65 nm or in further nanometer process becomes an important issue in the future.
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Fig. 6.1. Two-port microwave network.

The only reported 60-GHz power amplifier in“65 nmr CMOS shows good power performance;
however, it has only 4.5-dB power gain [48]‘,'Ja__1‘1_d tl-’_l_l_i's it needs several buffer amplifiers to achieve
the link budget for practical 60-GHz wirelessltr%ééivers. I_n this chapter, a power amplifier with
power gain better than 10 dB and 9.5-dBm Sei:tura-t}on p.o.we'r ié demonstrated. Because of the higher

gain, it is more functional in 60-GHz transeeivers.*

6.2 Basic Concepts of Power Amplifiers [46]

Before designing a power amplifier, fundamental concept of microwave amplifiers is
presented first. Consider Fig. 6.1, it is a standard two-port microwave network, and it consists of a
source Es with source impedance Zs, load impedance Z;, input matching network (I's), output
matching network (I';), and one transistor with 2x2 scattering matrix. The transducer power gain of

this two-port network is given by:
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1-|r 1-|r, [
= “ ]S, | L|2 (6.1)
|1 - Flnrs |1 - SZZFL|
, Oor
1-|r 1-|r,
T = - P |Sz]|2 | L| P (6.2)
|1_S11r5| |1_F0utrL|
I';, and I'p,, are given as follows:
S.S, T
r =8 12721 L - 4 ) 6.3
In nt I_Szer (C ,,_ : (6.3)
——
S.S T . i . =
L. =95, +ﬁ | | <= | -. F (6.4)

In microwave amplifier design, to achieve the maximum gain from source to load, this

two-port network needs to satisfy simultaneously complex conjugate matching:

r =1
{ s (6.5)
1—‘L = 1—‘Out

When a microwave network delivers maximum gain from source to load, it does not mean that
maximum power is delivered to load. The maximum power delivered to load occurs when I'; equals
to the best load impedance, and the best load impedance varies according to different transistors.

The best load impedance can be found by load-pull simulation. After I'; is chosen, I'; is dealt with

78



as a constant, and the next step is to design input matching network so that

r=r =g+ 6.6)
‘ 1-S,T,

And the power gain of this power amplifier is:

_ 1
I-r

; 1-|r,[
-5,

= f(8,.T,) (6.7)

P 2|21

In

A microwave power amplifier canbe designed by the described steps. The next section

presents the design of 60-GHz power amplifier.

45 AT

6.3 Design of V-band Med_iu_in Power Amplifier

This chip was fabricated in standard bulk 65 nm 1P9M process. This process is with one poly
layer for the gates of CMOS transistors, and nine metal layers with ultra-thick metal top metal of
3.4 um to minimize the RF signal loss. The thin-film microstrip line for this circuit design is
composed of signal line realized by the top metal (M9) and the ground plane realized by the bottom
metal (M1). Fig. 6.2 shows the simulated insertion loss of thin-film microstrip lines in 65nm CMOS

and 90 nm CMOS both with length of 500 um and characteristic impedance of 50 Q (width =7 um

for 65nm CMOS and width = 10 um for 90 nm CMOS) to compare the passive elements used in
these two processes fairly. We can observe that the loss of the thin-film microstrip line in 65 nm is
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Fig. 6.2. Simulated insertion loss of the thin-film microstrip line with length of 500 um and

characteristic impedance of 50 ohm.
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higher than that in 90 nm CMOS in_"Fig. 6f21£_e£aigse of the- thinner dielectric in 65 nm process.
Therefore, the design of amplifiers in 65 nm;!}iroq_g{ss eihicounters much more loss to degrade the gain
and output power. The metal—insulatofimgtlell (MIM) f'éa.:pacitor between metal 8 and metal 7 was
also used in this design. | .

To design a power amplifier, the device size of the output stage is most important. A small
device size can operate with higher gain due to less parasitic capacitance to degrade the gain at
MMW frequency, but it cannot deliver good output power. On the other hand, a large device can
deliver good output power, but the gain at MMW frequency is degraded heavily. Thus, the choice
of output stage device size between larger size and smaller size should be made carefully. The
device size of output stage in this power amplifier is NMOS of the total gate width of 160 um and
finger of 32.

Fig. 6.3 shows the schematic of this 60-GHz power amplifier. This power amplifier is

composed of cascading three stages of cascode amplifiers. The cascode amplifier architecture is
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adopted to boost the gain and power of each stage, since the common source structure of the NMOS
of the total gate width of 160 um and finger of 32 only has Gna.x only 4 dB, and the matching
thin-film microstrip line must degrade the gain heavily.

To achieve higher output power and enough gain, the device size of the output stage is
chosen that the Gn.x of the cascode structure of the output stage is 8 dB as shown in Fig. 6.4.
Consider the chosen device size of the output stage, load-pull simulation for power match and
complex conjugate simulation for gain match were conducted as in Fig. 6.5. From Fig. 6.5, we can
observe that the best location for power match in Smith chart is close to complex conjugate point at
60 GHz. Furthermore, due to the locations of them are both in the left upper part of Smith chart, it
means that simply a short stub will be quite suitable to make the matching transform of 50-C2 load
to the location between power contour and complex.conjugate point to balance power and output
return loss. Therefore, the output matchiﬂg was completed by simply a short stub as shown in Fig.
6.3. ( ::,,,

The first stage device of the cascode arﬁblifﬁa‘r is NMOSof the total gate width of 20 wum with
5 fingers. The second stage device is NMOS of the total gate width of 80 um with 20 fingers. The
output stage device is NMOS of the total gate width of 160 um with 32 fingers. This means the
chosen device ratio is 1:4:8 for power, because in our simulation, the first, the second, and the
output stage shows the gain about 7 dB, 7 dB, and 4 dB, respectively. This device ratio makes sure
that each stage can have enough gain to drive the next stage. Each stage is operated under 2 V
supply with 1 V drain to source voltage, and the current of the output stage is 54 mA. Fig. 6.6 is the

chip photo of this power amplifier, and it is with the size of 0.35 mm®.
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6.4 Experimental Results

This 60-GHz CMOS power amplifier was measured on-wafer probing. An HP8510 network
analyzer is used to measure the S-parameters with an additional V-band test set. This circuit was
biased at Vpp= 2V, and each device has 1-V drain to source voltage to make sure that each chip is
with good yield. In our measurement, this bias condition does not make any chip beak down.

Fig. 6.7 shows the preliminary simulated and measured S-parameters for this 60-GHz power
amplifier. There is about 4 GHz frequency shift between simulated and measured S-parameters.
Besides, the measured gain is lower thandhe simulated gain.by 5 dB. After the layout and the
simulation file were checked and they were consistent, it was -guessed that the parasitic capacitance
of the model of the NMOS is underestimated, 51;fce .the device size in the design of PA is relatively
larger and the model of the larger device is 1:1sually no;c precise as the smaller one. After adding Ci,
Cod, and Cg of the order of 10 fF to compensate tﬁe uﬁderestimated parasitic capacitance of NMOS,
the re-simulated results compared with measured results are shown in Fig. 6.8. The simulated input
return loss and output return loss are quite similar to the measured results. However, the measured
gain is still less than the simulated gain about 3.5 dB. This PA has a measured peak gain of 14.7 dB
at 56 GHz, and the gain over 10 dB for 51-61 GHz. In addition, it has minimum input return loss

and output return loss of 18 dB and 22 dB, respectively. The input return loss is better than 10 dB in

52-66 GHz, and the output return loss is better than 10 dB in 50-58 GHz.

Fig. 6.9 shows the simulated and the measured output powers versus the input powers at 60
GHz, and it shows that this PA has the measured saturation output power about 9.5 dBm. Besides,

this PA still has the measured gain over 10 dB when measured output power is 5 dBm. Since the
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measured gain is less than the simulated gain about 3 dB, the measured power is also less than the
simulated power by the same quantity. Because the measured return losses achieve good agreement
with simulated return losses and the shape of the simulated gain and the measured gain are similar,
maybe some losses are underestimated in passive components. Another possibility is that since the
PA requires larger devices, the parasitics or g, of models of larger devices might not be accurate.
However, the power performance of 1-dB compression point appears about P,y = 2 dBm,
because regardless of the feature of high gain of cascode amplifier structure, its 1-dB gain

compression point appears earlier than the common source amplifier architecture.

s j'\‘u"a I
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Fig. 6.7. Simulated and measured S-parameters of 60-GHz PA.
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6.5 Summary

The reported CMOS 60-GHz power amplifiers are summarized in Table 6.1. It can be seen
that the power amplifier in this chapter has the relatively high gain and good power performance
than other published data [48], [50]-[55]. Another to mention is that the PA in this design consumes
much more power consumption than other works, because the threshold voltage is much higher in
65 nm and leads to higher current. This would be a challenge for mixed-mode circuit design.

This chapter introduces the design procedure of a PA. After that, it demonstrates a high gain
60-GHz power amplifier in 65 nm CMOS process, and it achieves a peak gain of 14.7 dB and a

saturation power of 9.5 dBm.

45 AT

88



Table 6.1

SUMMARY OF THE PERFORMANCE OF REPORTED 60-GHZ POWER AMPLIFIER IN CMOS

PROCESS
Process | Topology DC Vg | Frequency | Power Saturation Ref.
Biasing (GHz) Gain | Power(dBm)
(dB)

65 nm 3-stage, 88mA, 1V 57 14.5 9.5 This
CMOS cascode 2V work
65 nm 1-stage, 23mA, v 62 4.5 9 [48]
CMOS CS 1.2V

90 nm 3-stage, | 26.5mA, | 1.5V 60 4.7 9.3 [50]
CMOS CS 1.5V

90 nm | 2-stage, | 23mA, v '-5 57 9.8 10 [51]
CMOS CS 1Y% 1 * |

90 nm 2-stage 30mA, | 1.|5V éO 14 6 [52]
CMOS CC, 1.5V

1-stage CS

90 nm 3-stage 100 mA, | 0.9V 60 30 13.8 [54]
CMOS cascode 1.8V

90 nm DAT 153 mA, | 0.9V 60 26 14.5 [55]
CMOS | combing + 1.8V

3-stage,
cascode
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Chapter 7 Conclusions

First, this thesis describes the fundamental concepts of RF switches, and then demonstrates the
most common used SPDT switch block in wireless transceivers. The filter-integrated design
approach is adopted due to the good matching and better isolation. Two MMW SPDT switches are
demonstrated in this thesis. The 90 nm CMOS SPDT switch is the highest frequency one in our
knowledge. The SPDT switch in 65 nm CMOS, it has an insertion loss about 3.2-4.5 dB and an
1solation better than 20 dB in 40-80 GHz. The SPDT switch in 90 nm CMOS, and it has an
insertion loss of 3-4 dB and isolation better than 25 dB in 60-110 GHz.

Furthermore, the method of analysisiof multiple-port switches is demonstrated in this thesis.
This method can provide a guideline fof MMW designers to choose suitable topology for
multiple-port switches to enhance the bandWidtia;Sfﬁ'c.iency, iﬁstead of tuning the topology blindly.
Besides, the multiple-port switches wete fabric;_i.@;i. to verifythe proposed analysis. The net-type
multiple- port switches in this thesis has an :insertion ioss of 4-5 dB and isolation better than 25 dB
in 48-65 GHz, and the ring-binary type multiple-i)oﬁ switch in this thesis has an insertion loss of
3-4.5 dB and isolation better than 30 dB in 43-66 GHz

Finally, the 60 GHz PA in 65 nm CMOS is demonstrated. The PA has a saturation power of

9.5 dBm and a gain better than 10 dB for standard application of 60 GHz radio.
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