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Abstract: We present the possibility of a complementary metal-oxide semiconductor (CMOS) power
amplifier (PA) using a driver stage composed of p-channel metal oxide semiconductor (PMOS) to
enhance linearity. The PMOS driver stage is designed as a cascode structure to adapt the antiphase
technique to the CMOS PA. By biasing the common-source transistor of the driver stage at the
subthreshold region, we obtain a g,3 value with a positive sign to cancel out the negative g3 of the
power stage, thereby enhancing the linearity. We also investigate the effect of the bias of the cascode
transistor of the driver stage on third-order intermodulation distortion and amplitude-to-phase
distortion. Consequently, we show that the PMOS driver stage itself acts as a pre-distorter of the
power stage. To verify the possibility of the PMOS driver stage and the proposed biasing method
for the antiphase technique, we design a 2.42 GHz PA using a 180 nm RFCMOS process for wireless
local area network applications. We obtain a measured maximum linear output power of 21.5 dBm
with a 23.4% power-added efficiency and an error vector magnitude of 3.14%. We use an 802.11 n
modulated signal with 64-quadrature amplitude modulation (QAM) (MCS?7) at 65 Mby/s.

Keywords: CMOS; linearity; power amplifier

1. Introduction

As data rates have significantly increased for high-speed wireless communication, the peak-to-
average power ratio (PAPR) of modulated signals has also increased [1]. Accordingly, the use of power
amplifiers (PAs) for wireless communication systems has recently been affected by severe efficiency
degradation owing to an increased level of the backed-off to support the high PAPR [2-4]. In addition
to the efficiency degradation issues, there are also issues related to the reduction of chip size and
fabrication cost for wireless communication systems [5-8]. In recent years, to resolve the size and
cost issues, complementary metal-oxide semiconductor (CMOS) PAs have been actively researched to
substitute for the PAs based on compound semiconductors. However, CMOS themselves have poor
linearity characteristics to satisfy the linearity requirements for increased PAPR.

Moreover, most high-data systems have strict linearity specifications, such as the error vector
magnitude (EVM) and spectrum emission mask. Among these specifications, EVM generally depends
on amplitude-to-amplitude (AM-AM) and amplitude-to-phase (AM-PM) distortions [9]. In addition,
a spectrum emission mask is closely related to third-order intermodulation distortion (IMD3) [10].

To obtain sufficient linearity and thereby resolve large backed-off level issues in CMOS PAs, various
techniques, such as capacitance compensation, the multi-gate transistor (MGTR), and antiphase have
been introduced [10-17]. The capacitance compensation technique cancels out the capacitance variation
of primary transistors using auxiliary transistors that have contrasting capacitance variations [13-15].
As one of the meaningful linearization techniques, the antiphase technique could successfully suppress
the IMD3s through the cancellation of IMD3s between the driver and power stages [16-20]. In this
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case, as shown in Figure 1, the driver stage acts as a pre-distorter of the power stage. To cancel out the
IMD3s of the PAs, the signs of third-order transconductances (g:3s) of the driver and power stages
should be opposite to each other. Because the sign of g,;3 of the power stage is generally negative for a
CMOS PA, the sign of the driver stage should be positive [16]. Further, the antiphase technique could
also suppress the AM-PM distortion by phase compensation between driver and power stages [17].
However, there are some problems in the antiphase technique, such as the deterioration of IMD3s in
the middle-power region.
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Figure 1. Principle of third-order intermodulation distortion (IMD3) cancellation in the antiphase
technique.

In this work, we investigate the possibility of CMOS PAs with a p-channel metal oxide
semiconductor (PMOS) driver stage to suppress the nonlinearities such as IM, AM-AM, and AM-PM
distortions. Although, in general, most linear CMOS PAs use n-channel metal oxide semiconductor
(NMOS) driver stage, we verify that utilizing the PMOS driver stage could also be one of the candidates
of the linearization techniques of CMOS PAs. In general, the PMOS has only been used for a component
of the pre-distorter. In this work, we investigate the design methodology to utilize the PMOS itself as
the driver stage of the linear CMOS PA without additionally required pre-distorter.

2. Antiphase Technique

We analyze IMD3 and g3 characteristics of the driver stage according to the bias voltage.
To analyze the linearity of the CMOS PA, we use g, s and gm3 15, which are respectively defined as
large signals g, and g3 [16]. The terms g, .5 and g3 15 are represented by the integration of g, and
gm3 inside the input voltage perturbation region as follows:

1 VN,cs,prv+0.5Vp_p
8m,LS = v f gmdV. 1)
P=P JVy cs,prv—0.5Vp_p

1 VN,cs,prv+0.5Vp_p
f 8m3 av. (2)

8m3,LS = v
P=P JVy cs,prv—0.5Vp-p

In the above equations, Vp.p and Vi s pry are the peak-to-peak voltage of the input voltage
and the common-source gate bias of the driver stage, respectively. Given that the PA is operated at a
high power level, a large-signal analysis using the g;, 1 s and g3 1.5 of transistors is necessary for the
precise cancellation of the IMD3 [16,17]. Meanings of various symbols used are summarized in the
nomenclature section.

2.1. IMD3 in the Middle-Power Region

Figure 2 shows conceptual diagrams of IMD3 of a CMOS PA. To expand the linear region of the
PA, the IMD3 cancellation between the driver and power stages is optimized in the high-power region.
As shown in Figure 3a,b, to obtain a positive sign of g3 1.5 of the driver stage, while the power stage
has a negative sign of g3 1.5, the common-source transistor of the driver stage should be biased at the
subthreshold region. If the g3 15 of the driver stage in the subthreshold region is optimized for the
gm3,Ls of the power stage, the linear region can be successfully expanded.
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Figure 2. Conceptual diagrams of IMD3 of power amplifier (PA).
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Figure 3. Conceptual diagram of g;,,3 of driver stage: (a) g3, (b) zoomed-in g;3.

However, although the linear region is expanded through the cancellation of the IMD3 between
the driver and power stages in the high-power region, the IMD could deteriorate in the middle-power
region, as shown in Figure 2 [16,17]. To analyze the IMD3 in the middle-power region, we use the
desired voltage, vsj, pry and the third-order distortion voltage, vs,y,pry, which are generated in the
output of the driver stage as follows [17]:

9 3
USig DRV = §m,LS,DRVZL,DRVA + 7 83,15, DRVZL,DRVA ®3)

3
V3, DRV = 78 3,L,DRV ZL,DRVA®. 4)

In the above equation, Z; pry, $m 1S,DRV, §m3,LS,DRV, and A are the load impedance, g, 1.5, §m3,Ls,
and amplitude of the two-tone input signal of the driver stage, respectively. In the middle-power
region, because A is sufficiently small, the second term of the right-hand side of (3) may be negligible,
and we can rewrite (3) as follows:

USig/DRv(at middle power) = gm,LS,DRVzL,DRvA. (5)

From (4) and (5), we can calculate the overall third-order distortion voltage of the PA, v, p4 in
the middle-power region as follows:
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V34 pa (at middle power)
= Z % +2 Z v3 6
= 8mLS,PWEL,PWU3rd,DRV T 38m3,LS,PWLLPWUsie pRY 6)

3 3 3
= gm,LS,PWZL,PW(ngS,LS,DRVZL,DRVAB) + 78m3,L8,PWZLPW * (§m,18,DRVZL,DRVA)

In (6), Z1,pw, §m,Ls,pw, and g3 rs,pw are the load impedance, g, 1.5, and g3 s of the power stage,
respectively. In (6), gm3 15 prv and gm3 s pw should have opposite signs to suppress the IMD3 of the
PA for the high-power region.

Although the linearity in the high-power region could be improved by biasing the driver stage in
the subthreshold region, the IMD3 in the middle-power region could be deteriorated. Because the driver
stage is biased in the subthreshold region, the driver stage operates as class-C. Accordingly, the g, 1.5 prv
of (6) is relatively low in the middle-power region compared to the case of the high-power region.
Moreover, as depicted in Figure 3b, if the voltage swing of the driver stage is in the middle-power
region, the g;u3 1.5 prv has a maximum positive value. As a result, if the IMD3 cancellation between the
driver and power stages is optimized in the high-power region, the vs,4 p4 of (6) is mainly regulated by
gm3,Ls of the driver stage in the middle-power region. In other words, the deterioration of IMD3s in the
middle-power region is caused by the relatively huge IMD3s generated in the driver stage compared
with the IMD3 generated in the power stage.

Accordingly, although the positive sign of the g;,3 of the driver stage with a subthreshold bias
voltage suppresses the IMD3 in the high-power region, the magnitude of g;;3 with the positive sign
should be reduced to avoid the deterioration of IMD3 in the middle-power region, as shown in
Figure 3a.

2.2. Expansion of Linear Region

The positive g3 15 of the driver stage with subthreshold bias cancels out the negative g,,3 15 of
the power stage to expand the linear region of the CMOS PA [16]. However, if the magnitude of the
positive-sign g3 of the driver stage in the subthreshold region is reduced to suppress the IMD3 of the
middle-power region of the PA, the positive g3 1.5 of the driver stage may be insufficient to cancel out
the negative g3 1 s of the power stage in the high-power region. Accordingly, an additional strategy to
expand the linear region is required.

If we consider g3 15 instead of g,,3 for Figure 3a, the conceptual diagram of g3 s can then be
shown as Figure 4. For the cancellation of g;3 155 between the driver and power stages as well as the
resulting suppression of the IMD3 in the high-power region, the positive-sign region of g3 s of the
driver stage should be expanded. One of the solutions to expand the positive region of g;;3 1.5 shown
in Figure 4 is to reduce the magnitude of the negative part of g;;3 shown in Figure 3a. Hence, the linear
region of the PA is expanded, as shown in Figure 2.

Region with IMD3 Region w/o IMD3
cancellation cancellation
(Gms.s > 0) (Gm315< 0)

To Expand
linear region

Imas =0

Gppyes (AVY)

Output power (dBm)

Figure 4. Conceptual diagram of g3 15 of driver stage.



Electronics 2020, 9, 103 50f17

In this work, we propose a technique to reduce the magnitude of the positive and negative parts
of g3 of the driver stage to suppress the IMD3 in the middle-power region, as well as to expand the
linear region of the PA using bias voltages of the driver stage.

2.3. AM-AM Distortion

In this work, to moderate the breakdown problem of a CMOS PA, we consider the driver stage
as a cascode structure. As mentioned in previous sections, because the common-source transistor
of the driver stage is operated in the class-C region to complete the antiphase technique, there is a
nonlinearity of the gain of the driver stage. In the ideal case, the nonlinearities of the gains of the
driver and power stages should be compensated with each other in order to minimize the AM-AM
distortion. However, in a real case, the AM-AM distortion of the entire PA may be degraded because
of the excessive nonlinearity of the gain of the driver stage.

To analyze and suppress the excessive nonlinearity of the driver stage, we investigate the gate
bias of the common-gate transistor of the driver stage. The gate bias of the common-gate transistor
could be regulated to improve the linearity of the gain of the driver stage using a common-source
transistor biased in the subthreshold region. In this work, we regard the driver stage with a cascode
structure as a cascade-connected common-source stage and a common-gate stage [21,22]. The output
voltage of the driver stage can then be expressed as follows:

9 9
USig DRV = (alﬁlA + Zasﬁ1A3 + Za§ﬁ3A3). )

In the above equation, a; and a3 are the coefficient of the common-source stage. Similarly, f; and
B3 are the coefficients of the common-gate stage. Because the common-source stage is operating as
class-C, a; and a3 have positive values. In addition, if the common-gate stage is operating as class-A
or class-AB, B and f3 have positive and negative values, respectively.

The conceptual diagram of the gains of the common-source, common-gate, and overall driver
stages are shown in Figure 5. Given that the bias of the common-source stage is optimized in the
subthreshold region, the values of o and a3 have already been fixed. Accordingly, from Figure 5,
to improve the linearity of the driver stage, the values of f; and B3 should be optimized.

A With low gate bias L With high gate bias

(7] (1]
9 | of common-gate TR 8 of common-gate TR
= =
Overall
driver stage
Lo - Common-gate
Lt stage
-~ Common-source
-* stage (class-C) ——
Input power Input power

Figure 5. Conceptual gain of driver stage composed of the cascode structure.

Consequently, from (7) and Figure 5, the gate bias of the common-gate stage of the driver stage
should be varied to avoid the excessive nonlinearity of the gain of the driver stage, and hence to
suppress the AM-AM distortion of the entire PA.

3. Antiphase Technique Using PMOS Driver Stage

3.1. IMD3 in the Middle-Power Region

As described in Section 2, to suppress IMD3 in the middle-power region, the magnitude of the
positive-sign g3 of the driver stage should be reduced. In this work, we propose a CMOS PA using a
driver stage composed of a PMOS to reduce the magnitude of the positive-sign g3 of the driver stage.
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To analyze the proposed driver stage using a PMOS, related to the IMD3, we investigate the simplified
schematic of a CMOS PA using NMOS and PMOS driver stages, as shown in Figure 6a,b. In this
study, to obtain the subthreshold bias voltage of the driver stage for the g,,3 cancellation, Vy cs prv
and Vpcs pry are respectively set to 0.47 V and 2.79 V. For the simulation, 3.3 V is used as the value of
Vpp of the amplifier. Considering the difference in the mobility of electrons and holes, we designed
the simulation such that the total gate width, W of the transistor of the PMOS driver stage is two times
larger than that of the NMOS driver stage.

My, ce,orv My cepw

L =350 nm L =350 nm

V=087V Viy =087V
Vn,ce,nnvl:l—l M, cq,orv Vee,pw D—I My, ce,rw W=0896mm W=4.096 mm
RFyy _IE: _lE:

My, cs,orv My cs.ow
Vi,cs,orv Vespw L =180 nm L=180 nm

V=056V Viy =056V
NMOS Driver stage «——» Power stage W=0.896 mm W=4.096 mm

Vp,cs,0rv _l: _IE
Mg cc,0rv Mu,copw
RFy L =350 nm L =350 nm
V=077V V=087V
W=1792mm W=4.096 mm
Vp,cs,okvﬂ—l Mg, cq,orv
Mg, cs,orv My,cs.pw
— VCS,PW L =180 nm L=180 nm
= Viu =055V V=056V
PMOS Driver stage <—+—» Power stage W=1792mm W=4.096 mm

(b)

Figure 6. Simplified schematic of PA (Vpp = 3.3 V): (a) n-channel metal oxide semiconductor (NMOS)
driver stage, (b) p-channel metal oxide semiconductor (PMOS) driver stage.

Figure 7a,b show the dc-simulated g, and g3 of the NMOS and PMOS driver stages, respectively.
If we consider the subthreshold region, where the g3 has a positive value, g, g2, and g3 can then
be calculated as follows:

Yes—Vrn

Vbs
Vv l’lVT

Ipssus = Ipo(1- eng— 2 )) exp( )
— IDS,SUB — DS,SUB — DS, SUB
8m Wr / Im2 V2 8m3 (V1)

Cox+Cpepl 2 Vr
= " Cox Ipo = uCox(n-1)V7 exp(—m

®)
$ )

In the above equation, Ipg si;p is the drain current of the driver stage in the subthreshold region.
From (8), the positive values of g;;3 at the subthreshold region are proportional to the mobility of
carrier of MOS. Accordingly, as shown in Figure 7a,b, the magnitude of the positive sign g3 of the

PMOS driver stage is lower than that of the NMOS driver stage. Accordingly, if the PMOS is used as
the transistor of the driver stage, we could easily reduce the magnitude of the positive-sign g3 in the
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subthreshold region. Consequently, we could expect that the IMD3 in the middle-power region could
be successfully suppressed in the case of the PMOS driver stage.

30 T T T T T T T 1.5 30 T T T T T T 1.5
25 NMOS Driver stage] 2 |PMOS Driver stage'

—®—g,—8—g, forV, o, =200V | —#—g —&—g  forv, .. =130V
0 —e—g =g forV, ., =295V 110 20F—e-g =g forV, . =035V 1.0
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VN.cs,nRv v) Vnn - Vp‘cs,nnv V)
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Figure 7. Simulated gn and g3 of the driver stage (Vpp = 3.3 V): (a) typical NMOS driver stage,
(b) proposed PMOS driver stage.

To estimate the IMD3s in the middle-power region of the PA, we simulate the magnitude of
IMD3s of the PA with various bias voltages of common-source transistors of the driver stage. Figure 8a
shows the IMD3 and gain of a PA with an NMOS driver stage that has various Vy cs pry, and a fixed
VN,ce,prv of 2.00 V. Figure 8a shows the optimum IMD3 and gain characteristics with Vi cs pry of
0.47 V. Similarly, Figure 8b shows that the optimum value of Vpcg pry is 2.79 V with a fixed Vpcg pry
of 0.35 V. As shown in Figure 8a,b, the magnitude of IMD3s with a PMOS driver stage is relatively
lower than that with an NMOS driver stage in the middle-power region.
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Figure 8. Simulated IMD3 and gain with various common-source bias voltages (Vpp = 3.3 V,
VN,cGprv =2.00V, and Vpcgpry = 0.35 V): (a) typical NMOS driver stage, (b) proposed PMOS
driver stage.

3.2. Expansion of Linear Region

As the magnitude of the positive g3 is reduced in the proposed PMOS driver stage, the positive
region of g3 15 is also reduced, and hence the linear region as well, as can be predicted in Figure 4.
To expand the linear region of Figure 4 using a positive g3 with a given magnitude, the magnitude
of the negative g;;3 should be reduced. In this work, we choose to optimize the value of Vpcg pry
to reduce the magnitude of the negative g,,3. If Vpcg pry decreases with a fixed Vpcg pry (=2.79 V),
the drain voltage of Mpcs pry decreases. The saturation region of Mpcs pry is therefore expanded
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according to the decreased Vpcg pry. The reason for the expansion of the saturation region of Mpcs pry
with the decreased Vpc¢ pry will be described in Section 4. If the saturation region is expanded and
we consider the linear region of the PA, the variation of g;2, and hence the magnitude of negative
gms3, is reduced in the saturation region. As shown in Figure 7b, with a Vpcg pry value of 0.35V,
the magnitude of negative g3 is reduced when compared to what is obtained with a Vpcg pry value
of 1.30 V. This phenomenon can be also verified in Figure 9. Because the magnitude of negative g3
with Vpcg pry of 0.35 V is reduced, the positive regions of g3 15 is expanded. Consequently, with a
reduced Vpcg pry, the region of IMD3 cancellation between the driver and power stages, and hence
the linear region of the entire PA, is expanded. In this work, from the perspective of the expansion of
the linear region, the optimum value of Vpcg pry is 0.35 V.

20 T T T T T

T T T
PMOS Driver "’ﬁl

16 9.5 for Vp'm'mw =130V
gm;,l.s for vv,cs,unv =035V
12 (Vpﬁ'mw =279 V)
— r
@
S 8 1
<L L
~—
¢_h! 4 _
<
T t
o 9

6 8 10 12 14 16 18 20 22 24 26 28
Qutput Power (dBm)

Figure 9. Simulated g3 1.5 according to the output power of the PMOS driver stage (Vpp = 3.3 V and
Vpcs,pry =2.79 V).

3.3. AM-AM Distortion

As mentioned in previous sections, the AM-AM distortion of the entire PA may be degraded
because of the excessive nonlinearity of the gain of the driver stage. Figure 10 shows the IMD3 and gain
of a PA with a PMOS driver stage that has various values of Vpcg pry, and with a fixed Vpcg pry of
2.79 V. As the Vpcg pry decreases, the gain of the common-gate stage increases. Accordingly, the gain
of the driver stage in the low- and middle-power region can increase, and therefore the AM-AM
distortion can be suppressed.

| PA with PMOS Driver stage |

T —————————— 71— 11— 35
| Gain, lower and upper IMDs

A0k forV, ..., =130V
| —e— —— —o— forv, . =080V
A5 L —B— —=— —0— forV, . =035V

20 E

| IMD = - 25 dBc

IMD3 (dBc)
(ap) ures

-35

" L " 1 " 1 " 1 n 1 " L n "
6 8 10 12 14 16 18 20 22 24 26 28
Output Power (dBm)

Figure 10. Simulated IMD3 and gain of proposed PMOS stage with various common-gate bias voltage
(VDD =3.3Vand VP,CS,DRV =279 V).
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In this study, we choose 0.35 V as the optimum value of Vpcg pry for a reasonable AM-AM
distortion level. At the same time, as described in the previous sections, the value of 0.35 V for
Vpce,pry is also the optimum value for the suppression of IMD3. Consequently, the values of 0.35 V
and 2.79 V for Vpcg pry and Vpcs pry are optimum points for the simultaneous suppression of IMD3
and AM-AM distortion.

4. Technique of Suppression of AM-PM Distortion

In this work, we also try to suppress the AM-PM distortion using the driver stage. If the power
stage is composed of a common-source or cascode structure, the parasitic capacitance between the
gate and source of the common-source transistor, Cgg cs p, mainly affects the phase of the power
stage. In general, if the input voltage swing is considered and the power stage is composed of n-type
MOS (NMOS), the average Cgg,cs,p according to the input power gradually decreases as the input
power increases. Accordingly, to compensate for the variation of Cgg cs p and hence the variation in
the phase of the output of the PA, the average parasitic capacitance between the gate and source of
the common-source transistor of the driver stage, Cgs cs p, should gradually increase as the input
power increases.

Figure 11a shows the proposed PA with a PMOS driver stage with 1.3 V as the gate bias of
Mpcg pryv. Because the driver stage of the proposed PA is composed of a PMOS, if the input power
of the driver stage increases as shown in Figure 11a, the average Cgscsp increases. However,
if the input voltage increases further and exceeds the boundary between the triode and saturation
regions of Mpcs pry, the average Cgs cs p slightly decreases. Consequently, at the high-power region,
the compensation mechanism is broken if the input voltage of the driver stage exceeds the boundary
between the triode and saturation regions. To expand the capacitance compensation region, the region
of saturation of Mpcg pry should also be expanded. In this work, we regulate the value of Vpcg pry to
expand the saturation region of Mpcs pry. As depicted in Figure 11b, if Vpcg pry decreases, the drain
voltage of Mpcsprv, Vp,cs, also decreases and hence expands the saturation region of Mpcs pry-
Accordingly, the region where the slope of the graph of the average Cgs csp according to the RFyy
is positive can then be expanded, as shown in Figure 11b. Consequently, when regulating Vpcg prv,
the region where the mechanism of compensation between the average Cgs cs p and Cgs cs p occurs is
expanded toward the high-power region.

Figure 12 shows the simulated Cgg csp of the PMOS driver stage according to the input power of
the driver stage. As can be seen in Figure 12, using Vpcg pry, compared with the conceptual Cgs csp
shown in Figure 11b, the saturation region of Mpcs pry is successfully expanded with a Vpcg pry value
of 0.35 V. To prove the improvements in the AM-PM distortion of the proposed PA while optimizing
the value of Vpcg pry, the simulated output phases of the PA with respect to various Vpcg pry are
compared in Figure 13. The value of Vpcgs pry is fixed at 2.79 V for this simulation. With a Vpcg prv,
of 0.35 V, the variation in the output phase of the PA in the region from —20 dBm to 0 dBm is suppressed
below 0.6°. The region of the input power from —20 dBm to 0 dBm is approximately the linear region
of the entire PA.

Fortunately, the value of the optimum value of Vpcg pry for the suppressed AM-PM distortion
coincides with the optimum value of the Vpc pry for the suppressed IMD3 and AM-AM distortion,
as mentioned in the previous section.
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Figure 13. Simulated output phase of the proposed PA with PMOS driver stage (Vpp = 3.3 V).

5. Implementation and Measured Results

5.1. Implementation

Figure 14 shows the schematic of the proposed CMOS PA In this study, we use differential and
cascode structures to moderate the gain reduction induced by the bond-wires and the low breakdown
problems, respectively. To obtain stability of the designed PA, the RC feedback technique is applied
to the power stage of the amplifier. Further, a second harmonic termination technique using an
metal-insulator-metal (MIM) capacitor and bond-wire is applied to the gate nodes of Mpcg prv and
Mn cG,pw to suppress the asymmetries between upper and lower IMD3s.

The detailed transistor sizes are included in Figure 14. The input transformer had a 1:2 turn ratio
with primary and secondary windings having 10 pm metal width of primary and secondary windings.
The inter-stage transformer had a 2:1 turn ratio with primary and secondary windings had a 15 um
metal width of primary and secondary windings. The output transformer had a 1:2 turn ratio with
primary and secondary windings of 40 um and 25 pm metal widths, respectively.
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Figure 14. Schematic of proposed complementary metal-oxide semiconductor (CMOS) PA (Vpp =3.3 V).

5.2. Measured Results

Figure 15 shows a chip photograph of the designed CMOS PA with a size of 0.9 mm x 2.0 mm,
including all of the test pads. The PA was designed using a 180 nm RFCMOS process that provides one
poly and six metal layers. For the measurement, the fabricated PA was mounted on the RF4 printed
circuit board, and bond-wires for the RF input, RF output, various bias voltages, supply voltage, and
ground are used. For the measurement, 3.3 V were used as Vpp of the designed PA.

Ll fll

I '

Il |
hmita Ilﬂ}!llé T —
Figure 15. Photograph of the designed CMOS PA.

Figure 16 shows the measured gain and power-added efficiency (PAE) with a two-tone signal.
As can be seen in Figure 16, the value of 0.40 V for the Vpcg prv with Vpcs pry of 2.75 V is the
optimum value associated with the AM-AM distortion. If the value of Vpcg pry decreases below
0.40 V, the AM-AM distortion deteriorates.
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Figure 16. Measured results: power-added efficiency (PAE) and gain according to output power with a
two-tone signal.

Figure 17a shows the IMD3 for various values of Vpcg pry with two-tone signals. In this work,
because the 802.11 n modulated signal has a center frequency of 2.42 GHz with a 20-MHz bandwidth,
we use the two-tone signals of 2.41 GHz and 2.43 GHz. As canbe seenin Figure 17a, with when Vpcs pry
is 2.75 V, the measured output power is measured to be 23.1 dBm when the IMD3 level is —25 dBc.
When Vpcs pry is 2.75 V, the IMD3 in the middle-power region is suppressed by approximately 2 dB
when compared with other Vpcs pry cases. In addition, the linear power is expanded by approximately
1 dB. Figure 17b shows the IMD3 for various values of Vpcg pry with two-tone signals. In this case,
the value of Vpcgpry is fixed at 2.75 V. A similar analysis could be applied to both Figure 17a,b.
Consequently, from the measured results of Figure 17, which are related to the linearity of the designed
PA, the optimum values of Vpcs prv and Vpcg pry are 2.75 V and 0.40 V, respectively.
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Figure 17. Measured results: IMD3s with two-tone signal for the various gate bias values: (a) Vpcs prv,
(b) Vpce,prv-

Figure 18a,b show the measured EVMs with fixed Vpcg pry and Vpcs pry, respectively. In this
measurement, we use the modulated signal of 802.11 n with a 20-MHz bandwidth and 64-quadrature
amplitude modulation (QAM) (MCS?7) 65-Mb/s. As predicted from the simulated results of Figures 12
and 13, there exist optimum values for Vp g pry and Vpcs pry. From the measured results, the optimum
values of Vpcg pry and Vpes pry are 2.75 V and 0.40 V, respectively. The measured maximum output
power is 22.1 dBm, which satisfies an EVM of 3.98%.
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Figure 18. Measured results: error vector magnitude (EVM)3s with 802.11 n modulated signal for the
various gate bias values (a) Vpcs pry, (b) Vpcg,DRv-

Figure 19 shows the measured spectrum mask for an average output power of 21.5 dBm with
a 2.4 GHz 802.11 n modulated signal of 20 MHz bandwidth and 64 QAM. As shown in Figures 10
and 13, the output phase, which affects the EVM property, is flat up to an input power of 5 dBm,
while the sweet spot, which affects the spectrum mask, occurs at an input power of —2 dBm. Similarly,
the measured output power that satisfies 3.98% of EVM is higher than the maximum linear output
power, which satisfies the spectrum mask of the 802.11 n standard. Consequently, although the
measured output power with an EVM of 3.98% is 22.1 dBm, the measured maximum linear output

power, Pyjax, was 21.5 dBm.

A Spectrum Mask
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Figure 19. Measured results: spectrum mask at the output power of 21.5 dBm with 802.11 n signals
with 20 MHz/64 quadrature amplitude modulation (QAM) at 2.42 GHz.

Figure 20 shows the measured PAE and gain of the amplifier with an 802.11 n modulated
signal. The measured optimum values for Vpcs pry and Vpcg pry are 2.75 V and 0.40 V, respectively.
The measured PAE was 23.4% for a Pyjax value of 21.5 dBm, where EVM and the spectrum mask for
the 802.11 n standard are satisfied at the same time. The measured value of EVM was 3.14% for a Ppax
of 21.5 dBm. The measured gain was approximately 24 dB. In Table 1, we summarize the performances
of recent CMOS power amplifiers for WLAN applications.
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Figure 20. Measured results: PAE and gain according to output power with 802.11 n modulated signal.

Table 1. Summary and Performance comparison of recent CMOS power amplifier for WLAN.

Tech./VDD . Pout PAE Gain EVM  Freq.
Reference s — WLAN Signal

V) (dBm) (%) dB) (%) (GHz)

[10]2013 T-MTT  130nm/3.3  802.11 g (64-QAM, 20 MHz)  18.2 21.3 21 3.98 2.412
[23] 2012 JSSC 90 nm/2.0  802.11 g (64-QAM, 20 MHz)  19.3 22.9 175  5.62 2.45
[24] 2015 T-MTT 180 nm/5.6  802.11 g (64-QAM, 20 MHz) 23 21.3 225 451 2.4
[25]2017 T-CASII  55nm/3.3  802.11 g (64-QAM, 20 MHz) 16 5.8 265 447 2.45
This works 180 nm/3.3  802.11 n (64-QAM, 20 MHz)  21.5 234 238 314 2.42

6. Conclusions

In this study, we propose a CMOS PA using a PMOS driver stage to enhance linearity. To suppress
the IMD3 of the entire PA, we propose a biasing methodology of the PMOS driver stage to cancel out
the IMD3s between the driver and power stages. Using optimum bias voltages of common-source and
cascode transistors of the PMOS driver stage, we find the IMD3 cancellation and the expansion of the
linear region of the entire PA. In addition, by analyzing the characteristic of the AM-AM and AM-PM
distortions of the PMOS driver stage, we also propose a biasing methodology to suppress the EVM of
the entire PA. Consequently, we verified that the proposed PMOS driver stage acts as the pre-distorter,
as well as the driver stage of the power stage. We designed the proposed CMOS PA using a 180-nm
RFCMOS process for WLAN 802.11 n applications. We obtained a maximum linear output power of
21.5 dBm with a PAE of 23.4%. From the measured results, we successfully verified the feasibility of
using the PMOS driver stage for the CMOS PA to enhance linearity.
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Nomenclature

8m,LS

Large signal g

8m3,LS Large signal g3

§m LS, DRV gm,Ls of two-tone input signal of driver stage

Sm3,LS,DRV gm3,Ls of two-tone input signal of driver stage

Sm,LS,PW 8m,Ls of power stage

8m3,LS,PW gm3,Ls of power stage

A Amplitude of two-tone input signal of driver stage

Z1, DRV Load impedance of two-tone input signal of driver stage
Zr,pw Load impedance of power stage

Usig, DRV Desired signal voltage

U3rd, DRV Third-order distortion voltage

U3rd,PA Overall third-order distortion voltage of power amplifier
Ips sus Drain current of driver stage in the subthreshold region
Vp.p Peak-to-Peak voltage of the input voltage of driver stage
Vbp

Supply voltage

VN s, DRV Common-source gate bias of NMOS driver stage
Vpcs,prv Common-source gate bias of PMOS driver stage
VN.cG,DRV Common-gate gate bias of NMOS driver stage
VpcG,prv Common-gate gate bias of PMOS driver stage

Mn cs, DRV Common-source transistor of NMOS driver stage

MN cG,DRV Common-gate transistor of NMOS driver stage
Mpcs,prv Common-source transistor of PMOS driver stage
Mpcc,prv Common-gate transistor of PMOS driver stage

My cs,pw Common-source transistor of NMOS power stage

Mn cG,rw Common-gate transistor of NMOS power stage

Ccs,cs,p Cgs of common-source transistor of power stage
Cgs,cs,p Cgs of common-source transistor of driver stage
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