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Abstract

:

In this study, we designed a Ka-band two-stage differential power amplifier (PA) using a 65 nm RFCMOS process. To enhance the output power of the PA, a three-stack structure was utilized in the power stage, while the driver stage of the PA was designed with a common-source structure to minimize power consumption in the driver stage. The layout of an external gate capacitor for the stacked power stage was split to maximize the performance of the power transistor. With the proposed split layout of the external capacitor, gain, output power, and power-added efficiency (PAE) were improved. Additionally, a capacitive neutralization technique was applied to the power and driver stages to ensure the stability and enhance the gain of the PA. The measured P1dB and the saturation power were 22.0 dBm and 23.3 dBm, respectively, while the peak PAE was 27.8% at 28.5 GHz.
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1. Introduction


With the rapid development of mobile communications, millimeter wave (mmWave) circuits to support mobile communications have been actively studied [1,2]. Especially, 5G wireless communication using beamforming technology is accelerating the development of array RF systems. In general, RF circuits based on compound semiconductors have a superior performance compared to CMOS-based RF circuits [3,4,5]. The relatively low breakdown voltage, nonlinearity, and high substrate loss of CMOS are the main causes of performance degradation of CMOS-based RF circuits. In particular, the low breakdown voltage is one of the major obstacles to obtaining high output power at the power amplifier (PA). In addition, high substrate loss causes the efficiency of the PA to decrease. On the other hand, the CMOS process has the advantage of a high integration level compared to the compound semiconductor process. Given that the array RF systems require a high integrity level, despite the several drawbacks of CMOS technology, research on mmWave circuits based on CMOS has been actively conducted [6].



In general, one of the most challenging mmWave circuits based on CMOS technology is considered to be PA [7,8,9,10]. Although the PA should generate high output power, the low breakdown voltage characteristics of CMOS make it difficult to obtain the high output power [11,12]. Accordingly, to achieve sufficient output power of the PA, various power combining techniques have been reported [13,14]. Among the various power combining techniques, a stacking technique, which can implement a voltage combining technique without using bulky transformers, has recently been vigorously studied in the Ka-band CMOS PA [15,16,17]. One of the key design methodologies of the stacking technique is the usage of an external gate capacitor to allow RF voltages at the gates of the stacked transistors and, consequently, equalize the voltage drop applied to each transistor [15,16,17]. As a result, the effects of the external gate capacitor should be even across the transistors. However, this is not easy to achieve due to the large size of the power transistors.



In this study, to maximize the effect of the external gate capacitance of the stacked PA, we propose a layout technique of the external gate capacitor. In order to ensure that the effect of the external gate capacitor can be distributed equally to the power transistor, the external gate capacitor was divided into two. The divided external gate capacitors were placed on both sides of the power transistor. It was confirmed that the efficiency and output power of the designed PA were improved thanks to the divided external gate capacitors. The power stage was designed with a three-stacked structure for sufficient output power, while a common-source structure was adopted in the driver stage to suppress dc power consumption. Additionally, to achieve the stability of the PA, a capacitive neutralization technique was also utilized.




2. Design of External Gate and Neutralization Capacitors


In this study, we designed a Ka-band CMOS PA. In particular, among the various frequency bands of 5G mobile communication, the target of this study was 27.5 GHz to 29.5 GHz. In the target frequency band, the P1dB and power-added efficiency (PAE) aimed to exceed 20.0 dBm and 20.0%, respectively.



Herein, we describe the design process of the Ka-band CMOS PA with a focus on the power stage. Throughout the design process, electromagnetic (EM) simulation was performed by default.



2.1. Determination of External Gate Capacitor Values


Figure 1 shows the designed schematic of the three stacked power stage. All six transistors used in the power stage have the same gate width of 480 μm, while having a gate length of 65 nm. As is well known from various previous studies, the optimum load impedance, ZLOAD, and acceptable supply voltage become higher as the number of stacked transistors increases. Therefore, when the number of stacked transistors increases, the output power of the power stage also increases. This operation of the stacked structure is affected by gate bias and the external gate capacitors of transistors constituting the stacked structure. In particular, gate bias and external gate capacitors directly affect the voltage drop in each transistor, and consequently affect the output power. To obtain the optimized value of external gate capacitors (CEX,2 and CEX,3), we utilized the following equations [15,17]:


   Z  d , k − 1   =    C  g s , k   +  C  E X , k   +  C  g d , k       1 +  g  m , k      Z  d , k          g  m , k   + s  C  g s , k          C  g d , k   +  C  e x , k       ,            Z  d , k   = k    R  O P T    
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where Cgs, Cgd, and gm are the gate-source parasitic capacitance, gate-drain parasitic capacitance, and trans-conductance of the transistors, respectively. Zd and ROPT are the load impedance of the transistors and optimum load resistance, respectively. In this study, MP,2 and MP,3 are identical to each other. Accordingly, under the conditions of the appropriate gate bias (VG,2 and VG,3), Cgs,2 and Cgs,3 are identical, and gm2 and gm3 are identical. With the extracted ROPT and gm2 (= gm3) of 10 Ω and 0.25 S, respectively, the ratio of CEX,2 and CEX,3 can be calculated as


     C  E X , 2      C  E X , 3     =   2    g m     R  O P T   − 1    g m     R  O P T   − 1   ≈ 2.3  



(3)







With the result of Equation (3), the calculated and optimized values of CEX,2 and CEX,3 were 1.18 pF and 0.48 pF.



Figure 2 shows the simulated load-pull results with simple common-source, two-stacked, and three-stacked structures, with VDD of 1 V, 2 V, and 3 V, respectively. The real part of the optimum load impedance related to the output power increases as the number of stacked transistors increases. This means that the required impedance transformation ratio of the output matching network is reduced as the number of stacked transistors increases. In this work, a three- stacked structure was chosen considering the target output power of the PA.




2.2. Determination of Neutralization Capacitor Values


In this study, as shown in Figure 1, a capacitive neutralization technique was utilized to ensure stability in the high gain PA [18,19,20]. In Figure 3, the equivalent half-circuit of the common-source stage of Figure 1 is shown. CNEU is the capacitor for the capacitive neutralization technique. The value of CNEU is directly related to the value of Cgd and can be calculated as follows [21]:


   C  N E U   =  C  g d     1 +    r g   /   R S       



(4)




where rg and RS are the parasitic gate resistance and the equivalent resistance connected to the gate of MP,1, respectively. The capacitive neutralization technique was used in the driver and power stages. Given that the transistors of the driver and power stages were 288 μm and 480 μm, respectively, the CNEU of power stage should be larger than that of driver stage.



To obtain the optimum values of CNEU for the power and driver stages, the maximum available gain (MAG) and k-factor according to the value of CNEU for the driver and power stages are shown in Figure 4. Here, the CNEU of the driver and power stages was defined as CNEU,D and CNEU,P, respectively. From the simulation results, we extracted the optimum values of CNEU for the driver and power stages as 80 fF and 120 fF, respectively. As can be seen in Figure 4, with the extracted optimum values of CNEU, the MAG and k-factor were simultaneously improved. Therefore, we designed the PA with the selected CNEU,D and CNEU,P at 80 fF and 120 fF, respectively. Under the selected CNEU,D and CNEU,P conditions, the driver and power stages were unconditionally stable, as shown in Figure 4. Figure 5 shows the stability circles of the driver and power stages in order to more clearly confirm that the driver and power stages are unconditionally stable with the selected CNEU,D and CNEU,P.




2.3. Design of Driver Stage


Figure 6 shows the schematic of the PA with the driver stage. The detail structure of the power stage of Figure 6 is shown in Figure 1. The output matching network of the power stage is completed with an output transformer and a capacitor, COUT.



Although the power stage is designed with the three-stack structure, the driver stage is designed with a differential common-source structure to reduce the dc power consumption with a relatively low supply voltage, resulting in the improving of the efficiency of overall PA. For the differential operation of the driver stage with a single-ended input signal, the transformer is used as a balun as well as a component of the input matching network. The transformer is also used for the inter-stage matching network, as shown in Figure 6.





3. Design of Proposed Three-Stacked Power Amplifier with Split External Gate Capacitor


The proposed three-stacked PA with the split external gate capacitor was designed. In general, an external gate capacitor is located on the one side of the power transistor, as shown in Figure 7a. However, as shown in the simplified equivalent circuit of Figure 7a, because of the parasitic components of the metal lines for the power transistor, the effect of the external gate capacitor does not appear evenly through the power transistor. Here, the parasitic inductance induced by the metal lines of the power transistor is indicated as Lg. To overcome the problem of the typical layout, we proposed a layout technique of dividing the external gate capacitor into both sides of the power transistor, as shown in Figure 7b. The proposed technique allows the effect of the external gate capacitor to appear evenly through the power transistor, compared to the typical technique, so that the performance of the power transistor can be improved.



Although the gate metal of the power transistor is the distributed type in the actual situation, the equivalent circuit of the power transistor is simplified, as shown in Figure 8 for convenience of analysis. Figure 8a shows an equivalent circuit of a gate node of the power transistor in an ideal case without Lg. In this case, the gate node voltage Vg,eff,IDEAL of the transistor may be expressed as the follows.


   V  g , e f f , I D E A L   =   1 −    1 /  s  C  g s        1 /  s  C  E X     +  1 /  s  C  g s              V s   



(5)







However, if Lg is considered, the Vg,eff,CON of Figure 8b is calculated as follows.


   V  g , e f f , C O N   =   1 −    1 /  s  C  g s        1 /  s  C  E X     +  1 /  s  C  g s     + s  L g           V s   



(6)







Comparing Equation (6) considering Lg with Equation (5) in an ideal case, it can be seen that the gate node voltage is distorted by Lg. In particular, if the power transistor is formed in a distributed type as shown in Figure 7, the gate voltages of the unit-transistors constituting the power transistor are formed differently, causing the performance degradation of the PA. In order to minimize the effect of Lg, it is necessary to minimize Lg in Equation (6) to approach Equation (5).



In the case where the proposed layout technique is applied, the equivalent circuit is shown in Figure 9. In this case, Vg,eff,PRO may be expressed as follows.


   V  g , e f f , P R O   =   1 −    1 /  s  C  g s        1 /  s  C  E X     +  1 /  s  C  g s     +   s  L g   / 4           V s   



(7)







From Equations (6) and (7), compared to the typical technique, the proposed technique reduces the effect of Lg, bringing the voltage of the gate node of the power transistor closer to the ideal case. As a result, it may be seen that the proposed layout technique successfully alleviates the influence of Lg.



Figure 10 shows the actual layout of MP,2 and MP,3 applying the proposed layout technique of the external gate capacitor. In particular, when applying proposed technique, although the layout complexity slightly increases compared to the typical structure, no additional chip area is required to implement the proposed technique.



We compared the load-pull characteristics between the cases of applying the typical and the proposed layout techniques. As can be seen in Figure 11, the optimum impedances for the output power and efficiency of the proposed technique are almost similar to those of the typical one. However, the maximum output power and PAE of the proposed technique is higher than those of the typical technique.



The load-pull result was converted into the power gain and efficiency characteristics according to output power, as illustrated in Figure 12a. The power gain, P1dB, saturation power (Psat), and peak PAE with the proposed layout technique were improved compared to those with typical one. Even if the degree of improvement was not dramatic, all major performance indicators of the PA can be improved by simply dividing the external gate capacitor into two without an additional chip area. Figure 12b shows the simulation results of the S-parameters and k-factor. It can be seen that the S-parameters in the two cases were very similar to each other while the k-factor of the proposed technique was improved compared to the typical technique.




4. Results and Discussion


To verify the feasibility of the proposed layout technique of the external gate capacitor, we designed a Ka-band PA using 65 nm RFCMOS process which provides six metal layers. Figure 13 shows a photograph of the designed CMOS PA.



Figure 14a shows measured gain and PAE according to the output power at the operating frequency of 28.5 GHz. The measured P1dB and Psat were 22.0 dBm and 23.3 dBm, respectively, while the measured peak PAE was 27.8%. A gain expansion of approximately 1 dB occurred in the output power range from 6.75 dBm to 17.75 dBm, as shown in Figure 14a. Comparing the simulation results of PAE, the measurement result of the maximum PAE was approximately 4.2% lower. Figure 14b shows the measured S-parameters and k-factor. As can be seen in Figure 14b, the measured PA was unconditionally stable. In Figure 15, we summarized the measured P1dB, Psat, gain, and PAE according to the operating frequency. The maximum performance was obtained at the frequency of 28.5 GHz. In the design process, power matching technique using load-pull simulation was performed at the center frequency of 28.5 GHz, so the performance of P1dB and PAE was somewhat degraded as the operating frequency moved away from 28.5 GHz. In the frequency range of 27.5 GHz to 29.5 GHz, the flatness of the P1dB, Psat, gain, and PAE was lower than 1.2 dB, 0.8 dB, 2.8 dB, and 5.3%, respectively.



Figure 16 shows the error vector magnitude (EVM) and adjacent channel leakage ratio (ACLR) measured with 64-quadrature amplitude modulation (QAM), 100 MHz bandwidth, and 9.7 dB peak-to-average power ratio (PAPR) 5G new radio (NR) signal, respectively. In Figure 17, we summarized the measured maximum linear POUT and ACLR under the condition that the EVM value was −25 dB. Table 1 shows the performance of the Ka-band CMOS PAs available in the literature.




5. Conclusions


In this work, we proposed a split layout technique for the external gate capacitor of the stacked PA. In the typical and proposed structures, the effect of parasitic inductance that occurred in the gate node of the power transistor on the gate node voltage was analyzed. Through this, it was found that the proposed technique suppressed the influence of the parasitic inductance. By applying the proposed technique in the PA, the output power, gain, and PAE were simultaneously improved without the additionally required chip area. To verify the feasibility of the proposed technique, we designed a Ka-band three-stacked CMOS PA with a 65 nm RFCMOS process. The measured P1dB and Psat were 22.0 dBm and 23.3 dBm, respectively, while the maximum PAE was 27.8% at an operating frequency of 28.5 GHz. From the design and measurement results, it was successfully verified that the proposed technique could be easily applied to CMOS PA with a stacked structure.
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Figure 1. Schematic of the three stacked power stage with differential structure. 
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Figure 2. Load-pull simulation results of stacked power stage. 
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Figure 3. Equivalent half-circuit of the differential common-source structure with the neutralization capacitor. 
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Figure 4. Simulated MAG and K-factor according to the neutralization capacitor: (a) driver and (b) power stages. 
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Figure 5. Simulated stability circles with selected neutralization capacitors: (a) driver and (b) power stages. 
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Figure 6. Schematic of the designed PA. 
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Figure 7. Conceptual layout of the differential power transistor with neutralization capacitor: (a) typical and (b) proposed layout techniques. 
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Figure 8. Equivalent circuits of power transistor with typical layout technique: (a) ideal case and (b) case considering parasitic inductance, Lg. 
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Figure 9. Equivalent circuits of power transistor with proposed layout technique. 
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Figure 10. Layout of the power transistor with proposed split external gate capacitor. 
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Figure 11. Load-pull simulation results of stacked power stage with (a) typical and (b) proposed layout techniques. 
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Figure 12. Simulation results: (a) gain and PAE and (b) S-parameters. 
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Figure 13. Chip photograph of the designed PA (core size: 0.725 × 0.500 mm2). 
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Figure 14. Measurement results: (a) gain and PAE and (b) S-parameters. 
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Figure 15. Measurement results: P1dB, Psat, gain, and PAE according to the frequency. 
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Figure 16. Measurement results with modulation signal (64-QAM, 100 MHz bandwidth, 9.7 dB PAPR): (a) EVM and (b) ACLR. 
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Figure 17. Measurement results: PMAX and ACLR according to the frequency with modulation signal (64-QAM, 100 MHz bandwidth, 9.7 dB PAPR). 
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Table 1. Comparison with state-of-the-art of CMOS PAs.
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	TMTT ’19

[22]
	TCAS-II ’21

[23]
	MWCL ’19

[24]
	Proposed Work





	Tech. (nm)
	90
	28
	65
	65



	Freq. (GHz)
	28.0
	30.0
	28.0
	28.5



	P1dB (dBm)
	23.2
	17.2
	16.5
	22.0



	Gain (dB)
	16.3
	21.2
	18.0
	23.3



	Peak PAE (%)
	34.1
	30.3
	27.3
	27.7



	Modulation

/Bandwidth
	64-QAM

/100 MHz
	64-QAM

/100 MHz
	64-QAM

/100 MHz
	64-QAM

/100 MHz



	EVM (dBc)
	−25.0
	−25.0
	−25.0
	−25.0



	POUT @EVM (dBm)
	19.0
	10.9
	7.5
	17.3



	Core size (mm2)
	0.401
	0.82
	0.456
	0.36



	Topology
	1-stage

Cascode
	2-stage

Cascode
	2-stage

Cascode
	2-stage

3-stack
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Layout of
Differential pair
(TR+Cex)

Layout of
Differential pair
(TR+Cax)

(b)





media/file4.png
1.0j






media/file30.png
P1ae (dBm), Psat (dBm)
X B B B B 08

-
(o]

27.5

—— P1dB —— Psat ]
—&— Gain —— PAE
—0
28.0 28.5 29.5

Frequency (GHz)

N R B 8
(%) 3vd ‘(gp) ures

-
»

-
N





media/file18.png
X3D §°0

|||—|

0.5Lg

Vg,eff PRO

Mp,2 or Mp,3
0.5Lg

0.5 Cgs

Vs

L

L

0.5 Cgs

Vs

|||—|

X3D §°0





media/file21.jpg





media/file26.png
M
. -
- ¥
e 1
5 o
# w -
4 ¥ =
|
w r i |
v * ". | !
. /| *
s . |
1
K s {
| 1
d | | ’
-n.. f |
|
Fone - S ! |
.
A {
I
T
S —
1 .
| _
\ ‘
| ’
d b
s 3 I
1 |
f I

et T
- LI
e
) i
il =
' a b
-

— e
‘lﬂ.-...n\.-.u..l-\\..
=
el - .
e T LT ..
e }
o
- g =~
“_. ——
-.W.. — e Wi g
R -
e - utn
= %
—— m— = -
- e g — 4 - -






media/file27.jpg
0 OO e 5w

B

30

2 g

10 g

2z

s

o

- 0
5 10 15 20 25 20 25 30 35
Output Power (dBm) Frequency (GHz)

(a) (b)

o
40

140

101085y





media/file3.jpg





media/file22.png
1.0j

0.5

2.0j

N\

5.0j

f)

# | with typical technique
2.0 5.0

Contour of PAE (Max : 34.4%, 2.0% step)
Contour of Psat (Max : 24.4 dBm, 0.5 dB step)

0.2] —&—2Zb,3 ® Zp,3(Freq.: 27 - 29 GHz) 5.0

-0.5j -2.0j

-1.0j

(a)

1.0j

0.5j 2.0j
W
¥ 5.0j

# | with proposed technique
2.0 5.0

Contour of PAE (Max : 38.0%, 2.0% step)
Contour of Psat (Max : 24.8 dBm, 0.5 dB step)
02] —o—2Zp,3 e Zps3(Freq.: 27 - 29 GHz)

-5.0j

-0.5j 22.0j

-1.0j

(b)





media/file19.jpg
Ground Plane

Ground Plane






media/file7.jpg
8

@
s
&
H
5
£
5
5
o
<
=

a s 2 ¥

MAG of Power Stage (dB)

30

o
)
B
e — o
£, -l
£ e
o — 5
5 2 —o-
s
K
M —~— o
X 0

® w0 o 10 20 30 40 s s 70

Capacitance (fF) Frequency (GHz)
(@)
g
B
5
-
<
5 6
gs
g

_| %o

100 150 200 250 0 10 20 3 40 w0 0 70

Capacitance (fF)

=

Frequency (GHz)





media/file28.png
Gain (dB)

20

-
(o]

5 ‘ 10 | 15 | 20 |
Output Power (dBm)

(a)

w
o

N
o

-
o

S21

—&— S11
—o— S22
—0— 821

-+ O~ K-factor |

4120

25
Freque

30 35
ncy (GHz)

(b)

0
40

10})9e)-)





media/file10.png
T~ \\,’% ' .:
river Stage

%
S

SN
e A\ WA

=
s TN
e S S Y

~ (with Cneup = 80 fF
\ S\ ce

=

O
et

o .0:0.’ Q‘:‘\“

N
-
S

>
<>
‘o“::“

0,200,
2252020
e

A
0;:

A

i AT
=, 4

SSERKD /////4
9w 4 7
Ny

Z;
27






media/file33.jpg
Max. Linear Pout (dBm

18.2

8
°

T 178
17.6
174
17.2
17.0
16.8

—=— Max. linear Pou, Puax

—e— ACLR - Lower
—0— ACLR - Upper

215 28.0 285 29.0 205
Frequency (GHz)

265
27.0
27570
]
2803
©
285 3
200Q
205

-30.0





media/file32.png
llation Diagram 6 Constellation Diagram llation Diagram

Points Measured : 885920

: : :
| AREIINEE RN LT T

N | & () ™ | ) .

275 GHz 28.0 GHz - 285GHz 290GHz = 295GHz






media/file14.png
Layout of

Power Power c Differential pair
Transistor Transistor = (TR+Cex)

Layout of
Power Cex Power Differential pair
Transistor 2 Transistor (TR+Cex)

(b)





media/file11.jpg
TR gate width: Mo = 288 um
cw 381F | Cour = 38fF
Cheuo= 80 fF

RFour

10

Power

Stage ©Voor





media/file6.png
CNEUeff = — Cgd

1l
1)
Gate Drain
| .ﬂ| : X
Rs I'g g -]-
Cgs = gmVin * N T Cds

‘ Source






media/file15.jpg
Vgencon

Mp.2 or M3

KA

& =
5

Ccex

Vg enDEAL

Mp.2 or Mp

®

Cos
Ve

Cex

(b)

(a)





nav.xhtml


  electronics-12-00432


  
    		
      electronics-12-00432
    


  




  





media/file16.png
Vg,eff,CON

Mp,2 or Mp,3
—AHRH!
S 2

o
-l

|-
»

1

Vg, eff,IDEAL

Mpr,2 or Mp,3

O
5 <

| -
!

.

(b)

(a)





media/file2.png
RFour+
3 Vm{}

Ve,pr3

—w1—,

.8 I Me,3
Vg,p2

o—w1—il,

_E :_E MP,Z‘

Zp3 = |
3 RopT ]
k 7 Zp3 =
2 Vm 2 RopT |
CNEU,P CNEUP

P

s

----------

Zp3 =

Va,P1

Vi RorT

VeG,P1

RFN+ N

B RFiN -

1 Cgdn
Me,n I/
Cgsn
n =/1, 2,3

sioj}sisuel) jo

aosuejoeded oniseled

Design Parameters

e TR gate width
Mp,1 = 480 um
Mp,2 = 480 um
Mp,3 = 480 um

e Capacitance
Cex,2 1.18 pF
Cex;3 0.48 pF
Cneup= 0.12 pF





media/file20.png
Ground Plane

Ground Plane

Source

Source






media/file23.jpg
in (dl

40 30 140
o~ o winproposea e
5= o winypies twehiaue
3 5 120
n e 100
2 S
#y ¥
> £ 5
wm B o
£ 8 60
15~ &
810
w0 @ e
5 0 2
3 a0 o
o 5 10 15 20 2 20 25 30 3 40

Output Power (dBm)

(@)

Frequency (GHz)

(b)

101988





media/file5.jpg





media/file24.png
- —8@— —@— with proposed technique |
28 —0O— —O— with typical technique 35

— : : : —1 0
0 5 10 15 20 25
Output Power (dBm)

(a)

S-parameter (dB)

30 140
20 1120
100
10 h
180
0
160
-10
40
-20 = 20
-30 L— — : —0
20 25 30 35 40
Frequency (GHz)
(b)

10)oe)-)y





media/file29.jpg
N @
2 &

Y
5

P1d8 (dBm), Psat (dBm)
N R

N
S

>

—=—Pug  —o—Paat
—=—Gain —o—PAE
275 28.0 285 29.0 295

Frequency (GHz)

P
8

N
3

9
R

N
S

>

("Z) 3vd ‘(gp) ureg





media/file1.jpg
om
ER
Coan |53
2z
e /|82
iz
Cosn g
8
n=1,23
Design Parameters
« TR gate width
« Capacitance
Cexz = 1.18 pF
Cexs = 0.48 pF

Cueup= 0.12 pF






media/file31.jpg
alalalale

27.5/GHz 28.0/GHz 28.5 GHz 29.0/GHz 29.5/GHz

(@

27.5 GHz. 28.0 GHz 28.5 GHz 29.0 GHz i 29.5 GHz.

(b)





media/file25.jpg





media/file12.png
a‘'sp

9 TR gate width: Mp = 288 pm
m Cn = 38fF | Coutr = 38fF
© Cneup= 80 fF

il
o _LRFOUT
o)
S

<

O

O

O

0O Power

E Stage Vbbp,p
o)






media/file9.jpg





media/file0.png





media/file8.png
MAG of Driver Stage (dB)

MAG of Power Stage (dB)

- - - - N
N £ N 00 o

-
o

N
N

- - N
(3] 00 -

-
N

©

30

50

1 " 1

60 90 120
Capacitance (fF)

100 150 200 250
Capacitance (fF)

150

300

o 5
o |
S
n 4r -
- | ——— 60 fF |
g 3l —— 65fF _
= -~ T0fF
E ' —— T5fF
o 2} —O— 80 fF -
- | ——— 85fF |
£ 1L —— 90 fF |
- —— 95fF
D —®— w/o ]
! 0 1 | " | " 1 M 1 M 1 L 1 M

0 10 20 30 40 50 60 70

Frequency (GHz)
(a)

o 15 - -
@) L
s |
w 12 — .'] =
- | Jl—— 100 fF
g 9| [ —— 110 fF ]
o 7| —0—120 fF |
a | ——— 130 fF |
S 6 140 fF+
- | —— 150 fF 1
e ;1 ——160 F ]
S 7 170 fF ]
- i —&— w/0
' 0 1 IR |

0 10 20 30 40 50 60 70
Frequency (GHz)

G





media/file34.png
Max. Linear Pout (dBm)

18.2
18.0
17.8
17.6
17.4
17.2
17.0
16.8

- —l— Max

| —@— ACLR - Lower
| —O— ACLR - Upper

| ! | ! |
. linear PouTt, Pmax

1

1

1

27.5

280 285 290
Frequency (GHz)

29.5

26.5
27.0
27.5
2803
28.5 &
290 Q
29.5

-30.0

Bc)





media/file17.jpg
Vs

Vg,eff,PRO

Mp,2 or Mp,3
0.5Lg

Vs





