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An Ultra-Low-Voltage and Low-Power X2
Subharmonic Downconverter Mixer

Shan He and Carlos E. Saavedra, Senior Member, IEEE

Abstract—An 8.6 GHz X 2 subharmonic mixer with complemen-
tary current-reuse to enable ultra-low-voltage and low-power op-
eration is presented. The RF transconductance stage of the mixer
uses inductive source degeneration and the mixing core uses four
transistors that are driven by a quadrature LO signal. A Volterra
series analysis is carried out to determine the optimal gate biasing
of the transconductor circuit to maximize the third-order intercept
point (IIP3) performance of the RF stage and of the entire mixer.
Experimental results show that the mixer has a conversion gain of
6.0 dB and an IIP; of —8.0 dBm. The entire circuit draws 0.6 mW
from a 0.6 V supply. The chip was fabricated in a standard 130 nm
CMOS process.

Index Terms—Complementary current-reuse topology, down
conversion mixer, moderate inversion, subharmonic mixer,
ultra-low power, ultra-low voltage.

I. INTRODUCTION

T IS WELL-KNOWN that with smaller feature sizes

in CMOS devices there is a corresponding downward
scaling in the supply voltage, which is beneficial for designing
low-voltage and low-power RFICs. However, this advantage
is counterbalanced by the fact that the threshold voltage of
the CMOS transistor does not scale down as aggressively as
its minimum feature size due to the effect of the subthreshold
current leakage [1]. The non-scaling of the threshold voltage
reduces the overdrive voltage on the MOSFETSs, and it is almost
inevitable that the devices have to be operated in the weak
to moderate inversion regions [2]. As a result, the linearity
performance of low-voltage circuits is diminished and spe-
cialized techniques have been developed to bring the linearity
back to acceptable levels. Some of those techniques include
folded circuit configurations and complementary current-reuse
topologies [3]-[6].

In the area of silicon-based active mixers, most of the
work on low-power design has focused on fundamental-mode
mixers, but there has been some amount of work on sub-
harmonic mixers as well [S]-[10]. It is of interest to further
develop low-power subharmonic mixers because these circuits
offer design alternatives to radio system engineers, such as the
ability to use lower-frequency LO signals with better phase
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noise performance than high-frequency LO signals. Another
important use of subharmonic mixers is in direct-conversion
(zero IF) receivers in order to mitigate the deleterious phenom-
enon known as LO self-mixing, which degrades the baseband
information [8], [11].

While the low-power active subharmonic mixers reported to
date can operate in the milliwatt range, they have still relied on
supply voltages close to or above 1 V. In this paper we present a
x 2 subharmonic mixer that is both low-power and low-voltage,
drawing only 0.6 mW from a 0.6 V supply. The mixer employs a
complementary current-reuse technique and it has an inductive
source degenerated RF transconductance stage. The switching
core consists of four transistors arranged in pairs of two to carry
out both the mixing and LO doubling operations. A Volterra
series analysis of the RF transconductance stage is carried out
in order to determine the optimal gate biasing to maximize the
IIP5 performance of that stage and, by extension, of the entire
mixer. The analysis also reveals that there is a trade-off between
the optimal gate biasing and the amount of source degeneration
that should be used in the circuit. Measured results show that the
mixer has 6.0 dB of conversion gain and an [IP5 of —8.0 dBm.

II. ULTRA-LOW-VOLTAGE X2 SUBHARMONIC MIXER

In this section, a qualitative description of the mixer oper-
ation is presented first followed by a detailed investigation of
the distortion behavior of the circuit. Specifically, Volterra se-
ries analysis is used to examine the effect of inductive source
degeneration on the mixer’s distortion performance.

A. Overall Circuit Description

Fig. 1 illustrates the proposed single-balanced x2 subhar-
monic ultra-low-voltage down-converter mixer. In the RF stage
of the mixer, transistor M; serves as a transconductor element
to convert the input RF voltage signal into a current signal. An
inductor L, is employed for input matching with the transcon-
ductor. The transconductor has inductive source degeneration,
and it operates in the moderate inversion region [12]. The
switching core of the mixer consists of devices Mo—Ms5, and
since this is a subharmonic mixer, a quadrature LO signal must
be applied. While the single-balanced mixer configuration was
chosen here to minimize the dc power consumption, the idea
can be easily extended to a double-balanced arrangement.

The RF current signal first passes through the low impedance
path created by the 1 pF RF current bypass capacitor C,, that
is connected between the drain of the M; and the sources of the
PMOS device Mo—Mj. The mixer employs the complementary
current-reuse design technique that alleviates the voltage head-
room limitation imposed by the use of ultra-low supply voltage,
compared with the conventional Gilbert cell design technique

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. Schematic of the proposed low-power/low-voltage X 2 subharmonic mixer with device sizes annotated.

where a pair of stacked NMOS transistors are operated with high
supply voltage [1], [3]. Inductor L, is employed to alleviate the
DC voltage headroom imposed by the ultra-low voltage condi-
tion and a high impedance path for the RF current. This tech-
nique provides the benefit of reusing the DC biasing current be-
tween the NMOS and the PMOS transistors when they are op-
erated under the ultra-low supply voltage condition relative to
the folded-switching design approach [13].

The RF current is then further processed by the commutating
stage, which is composed of the PMOS transistors M to M;.
Each of these PMOS switching transistors is connected to a
quadrature phase of the LO signal. Together, they perform the
action of X2 subharmonic mixing to the RF signal current, and
then drive this x 2 subharmonically down-converted differential
signal to the loading resistors and the differential IF signal ports.
The subharmonic mixing operation performed by the PMOS
transistors My, M3, My, and M5 can be understood through a
simplified analysis proposed in [8].

The mixer also uses the current-bleeding technique [4] by
connecting a 1.2 k€2 DC current bleeding resistor, Ry, between
the source of the PMOS transistors and the drain of the NMOS
transistor. Part of the DC biasing current flows through the
current bleeding resistor to prevent excessive DC voltage drop
across the loading resistors. As a result, higher conversion
gain can be achieved by decreasing the resistance value of
the bleeding resistors alone. Although by employing this cur-
rent-bleeding technique, the increment of the mixer conversion
gain is achieved at the expense of the linearity degradation;
this however, does not pose a significant problem to our design
since sufficiently high linearity is achieved with the inductive
source degenerated transconductor.

B. Analysis of the Mixer s Distortion Behavior Using Volterra
Series

The distortion generated in the RF transconductor stage is
the determinant factor of the IP3 performance in an active
Gilbert-type mixer [14]. CMOS transistors, when operated
with a low supply voltage and low voltage bias, can enter into
moderate inversion region. Device experiments with CMOS
transistors have demonstrated significantly lower third order
distortion content within a narrow gate bias region in the
moderate inversion region [12]. In that narrow bias region, the
transconductor has high linearity performance because the tran-
sistor drain current flow changes from exponentially dependent
to slightly less than square-law-dependent on the gate-source
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Fig. 2. Inductive source degenerated transconductor and its model.

biasing voltage. Somewhere in that region, a perfect square
law relationship is achieved and the linearity performance is
improved. This induces a natural peaking of the third-order
input intercept point, I1P3.

Inductive source degeneration, shown in Fig. 2, employs se-
ries-series feedback that not only linearizes the transconduc-
tance of the transistor, but also provides a method to match the
input impedance of the transconductor at a designed frequency
[15]. The input impedance of the inductive source degenerated
transconductor is described by

1
wCys )

where g,,, denotes the first-order transconductance of the tran-
sistor, C'y, denotes the effective gate-source capacitance of the
transistor, and L, denotes the source degeneration inductance.
As the degeneration inductance increases, the improvement
in the linearity is less pronounced and eventually there are no
further benefits to source degeneration [16]. Nevertheless, a
trade-off between the two can be reached to achieve a relatively
high linearity. The effect of this trade-off on the inductive
source degenerated transconductor is captured in detail by
carrying out a Volterra series analysis based on the harmonic
input method.

From Fig. 2, the current seen at the output of the source
degenerated transconductor is defined by the following opera-
tion with respect to the input voltage, where each o denotes the
Volterra operand, w’s denote the dependent frequencies, GG1, Gz,
and G5 model the first, second, and third order transconductance
of the transconductor, respectively:

'mL.s -
Zin = g +7 <WL5 - (l)

C

gs

— Gl(w)ovin—i—Gg(whwg)ow?u—l-Gg(wl,wz,wg)ovﬁl. )
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Define the effective gate-source voltage recursively to the input
voltage:

vgs = A1(w)ovin+Az(wi, wa)ovi+ Az (wi, wa, w3 )ovd,. (3)

Using the symbols g, ¢.,,, and g/, to denote the transconduc-

tance of the transistor and its first and second derivatives, we
can write that

io = gmAl(w) O Vin

1
+ |:gmA2(W1:w2) + 59;,1/41@1)141(0)2)} o v,

+ [QmAs(w1,w2~, ws) + 29, A1 (w1) Az (w1, ws)

1 )
+3—,9:7/1,A1(Wl)Al(wz)Al(ws)] o v, 4

Working with (2)—(4) we can solve for the coefficients A;(w),
As(wy.wse) and Asz(wi,ws.ws). The results are shown below
and a detailed derivation can be found in the Appendix:

AL =1/ (V(w) + jwLogn)
Ay = — j(w1 + w2)
X LS%g;n,Al(wl)A41(w2)A1(wl + w2)
Az = — jlw1 +ws +ws) LAy (wi + wa +ws)
X [QQ:nAl(wl)AQ(wsz)

1
—|—3—,9;lw41(w1)141(w2)f11(w3) . )

The function V (w) in the expression for A;(w) above is given
by

V(w) = (R +jWLg)jWCgS+1+(jw)2Lngs +iwLegm. (6)
With further simplification of (4) and (5), the Volterra operators
G1(w), Ga(wy, ws) and G3(wy,ws,ws) that describe the non-

linearity of the inductive source degenerated transconductor are
found to be

Gl = gmAl(w)

1 .
G2 - 59171,141((4]1)141(&)2) [1_](W1 +w2)Lsgm,A1(w1 +(U2)]

1
Gy= |2g,,A1(w1)As(wi,wa)+ 3—,912141 (w1)A1(w2) A1 (ws)

X [1 = j(w1 + w2 + w3)LogmAr (w1 +we +ws)]. (7)

Now consider the in-band third-order intermodulation distortion
with the desired signal at w, and the interferer at w;. Given that
2w; — ws = w; = w,, we therefore have that

|Ga(wi,wi, ~wy)| = |1 = jwLegm A1 (w)] [ A1 (w)?]

2

3jLSg;n 241 (A)Aw + A1 (2w)2w]| . (8)

Ly,
X p— J—
2 g?n

The linearity performance index of the transconductor, the
third-order input intercept point [17], is described as
11 [Gaw)

6 RS |Gd(wl, Wi, 7w9)| '

TP 3(2w; — wy) ©)

Minimizing the magnitude of the third-order harmonic
Volterra operator G'3 (w;,w;, —w,) would naturally improve
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minimize the magnitude of
this resultant vector

Fig. 3. Vector diagram for the components of G's (w;, w;, —w, ).
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Fig. 4. Behavior of the third-order harmonic input intercept point of the
transconductor computed with the Volterra series compared with the measured
third-order harmonic input intercept point of the mixer.

the linearity performance of the transconductor. Fig. 3 utilizes
a vector diagram [17] to illustrate the interaction between
the different components of G (w;, w;, —w;). From (8), the
linearity performance of the transconductor, and its index
IIP3, are shown to be limited by two physical phenomenon,
the third-order derivative of the transconductance g/, and the
harmonic feedback interaction between g/,, and L. Minimizing
the former to 0 through the technique of optimum gate biasing
without considering the additional constraints would maximize
the linearity deterioration caused by the harmonic feedback
interaction between g/,, and the series-series feedback inductor
L.

Note that the first term of the last factor of
Gs(w;,w;, —ws) in (8), 1/2¢g) is real, while the other
term, (2/3)§Lg,,[241(Aw)Aw + A;(2w)2w] is complex;
since we are interested in minimizing the magnitude of
G3(w;,w;, —ws ), a trade-off between these two phenomena
that affect linearity is employed for best performance. The gate
bias voltage of the transistor is varied to obtain different device
transconductance values with its derivatives. Fig. 4 illustrates
the behavior of the third-order harmonic input intercept point
of the transconductor computed with the Volterra series using
(7)—(9). We infer from Fig. 4 that the optimal gate biasing
for the transconductor with inductive source degeneration is
around 0.45 V.

To validate the Volterra analysis, circuit-level simulations
using the SpectreRF simulator were also carried out. An exten-
sive set of simulations were done to determine how the IIP3 of
the mixer changed as a function of both the gate bias voltage
and the source degeneration inductance of transistor M; of the
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Fig. 5. Behavior of the third-order harmonic input intercept point of the mixer
with varying transconductor gate biasing voltage and source degeneration in-
ductance.
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Fig. 6. Measured and simulated conversion gain of the mixer with the mea-
sured 1-dB compression point @ frr = 8.65 GHz, fro = 4.3 GHz.

RF stage. The results of the simulations are shown in Fig. 5. The
graph shows that the highest IIP3 values can be expected when
the gate bias voltage is around 0.48 V, which is reasonably close
to the value of 0.45 V obtained from the Volterra series results
plotted in Fig. 4; while the optimal gate biasing inferred from
the measurement result is somewhere in between these two
values. It has been reported that the nonlinearity introduced by
the switching stage would partially improve the linearity of the
total mixer due to the interaction between the transconductor
and the switching stage at high frequency [18], which explains
the values of the third-order harmonic input intercept points
of the transconductor based on the Volterra computation being
lower in magnitude.

III. EXPERIMENTAL RESULTS

To demonstrate the validity of the proposed circuit design, the
single-balanced x 2 subharmonic ultra-low-voltage down-con-
version mixer is designed and fabricated using a standard 130
nm CMOS process from IBM. An on-chip probed measurement
is performed to validate the design. All off-chip losses from the
cables and the power combiners were calibrated at their oper-
ation frequency and de-embedded in the measurement results.
To facilitate the testing setup, a RC-CR 90° phase-shifter is de-
signed on-chip to generate the required quadrature LO signals.

With a RF input frequency of 8.65 GHz and a LO frequency
of 4.3 GHz, the IF output frequency is at 50 MHz for this single-
balanced x 2 subharmonic down-conversion mixer. Fig. 6 illus-
trates the 1-dB input compression point with input LO power
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Fig. 7. Measured and simulated two-tone harmonic testing results of the mixer
with an input frequency spacing of 20 MHz @ frr = 8.65 GHz, fro =
4.3 GHz.
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Fig. 9. Measured conversion gain and DSB noise figure of the mixer versus
input LO power @ frr = 8.65 GHz, fro = 4.3 GHz.

of —3.3 dBm. This set of measurements indicates the P, _1qB
compression point to be —18.0 dBm. Fig. 7 illustrates the lin-
earity measurements of the mixer obtained from a two-tone har-
monic testing with a frequency spacing of 20 MHz. The third-
order input intercept point I[P is measured to be —8.0 dBm.
The second-order input intercept point IIP; is measured to be
27.5 dBm. Furthermore, a minimum double-side-band (DSB)
noise figure of 15.9 dB is obtained via a noise figure measure-
ment, as shown in Fig. 8.

Fig. 9 illustrates the measured down-conversion power gain
and DSB noise figure at the IF port as a function of the input LO
power at the LO port. This set of measurements indicates that
the mixer has a peak conversion gain of 6.0 dB and DSB noise
figure of 15.9 dB with an input LO power of —3.3 dBm. This
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH SILICON-BASED ACTIVE MIXERS

This Work (6] (5] [31f [71 [19]
CMOS Node 130 nm 180 nm 180 nm 180 nm 180 nm 130 nm
RF Frequency (GHz) 8.65 5.25 0.9 5.2 24 2.2
LO Frequency (GHz) 4.3 2.62 0.45 5.1 1.2 1.1
Supply Voltage V) 0.6 0.9 1.8 0.6 1.8 1.2
DC Power (mW) 0.6 5.0 1.4 0.8 4.5 7.2
LO Power (dBm) -3.3 5.5 5.0 -2.0 -10.0 -18.0
Conversion Gain (dB) 6.0 8.3 9.17 3.2 26.0 4.5
P14B,in (dBm) -18.0 -15.0 -14.5 -15.0 - -
1IP3 (dBm) -8.0 0.0 -5.0 -8.0 -10.0 0.0
1P2 (dBm) 27.5 31.2 - - - 35.0
DSB Noise Figure (dB) 159 24.5 30.5 14.0 9.0 11.0
Input Matching? Yes No Yes Yes Yes Yes

t Fundamental mixer
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Fig. 10. Measured and simulated input reflection coefficient of the mixer.

Fig. 11. Chip microphotograph.

set of measurements further confirms the feasibility of the de-
signed mixer in a high frequency RF system with the ultra-low
supply voltage of 0.6 V since the input LO power is theoreti-
cally bounded by —0.5 dBm, i.e. a maximum LO voltage swing
of 0.6 V. Furthermore, a 2x LO leakage isolation is measured
to be around 31.2 dB.

Fig. 10 shows the reflection coefficient of the mixer at the RF
port. The return loss is around 12 dB at the design frequency
of 8.6 GHz. The additional inductor L, is designed to cancel

out the negative imaginary part of the input impedance of the
transconductor at around 8.5 GHz.

The circuit core occupies of approximately 0.4 mm?, and a
photograph of the fabricated chip is shown in Fig. 11. The mixer
circuit draws 0.6 mW of dc power from a 0.6 V supply.

A performance summary of the mixer plus a comparison to
other silicon-based active mixers is presented in Table I. It is
seen that the mixer in this paper achieves the lowest dc power
consumption and has the highest RF operating frequency. In
addition, this mixer uses the lowest dc power supply voltage
level in the subharmonic category.

IV. CONCLUSIONS

An ultra-low-voltage low-power single-balanced x 2 subhar-
monic down-conversion mixer was designed and measured. The
linearity analysis for the inductive source degenerated transcon-
ductor of the mixer is provided using Volterra series. This anal-
ysis provides a guideline for designing the inductive source
degenerated transconductor with high linearity at the high RF
frequency of 8.6 GHz. We then proceed to propose the ultra-
low-voltage low-power single-balanced x 2 subharmonic mixer
circuit, which performs a x2 subharmonic down-conversion
mixing. We obtained a conversion gain of 6.0 dB and an IIP;
of —8.0 dBm at the RF frequency of 8.6 GHz while consuming
0.6 mW of DC power with the supply voltage of 0.6 V.

APPENDIX
DERIVATION OF THE VOLTERRA OPERATORS FOR THE
INDUCTIVE SOURCE DEGENERATED TRANSCONDUCTOR

The current seen at the output of the source degenerated
transconductor is first expressed as

o = G1(w)oviy+Ga(wy, ws)ovd +Gy (w1, we, ws)ovs,. (10)
Substituting the defined relationship between the effective
gate-source voltage and the input voltage

Vgs = A1(w) 0 V4 + Ag(wr,wa) 0 'u?n + As(wi,wr,w3) 0 Uf’n

(11)
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to the device equation relating the device transconductance
(with its derivatives) and the effective gate-source voltage

. 1 1
lo = gmUgs t+ <2'gm> 25 =+ (yg'xl> ’Ugs.

Taking terms up to the third order, the nonlinear transfer func-
tion of the output current is

(12)

Z‘o = gmA41(W) O Vin
1 .
+ {gm/lz(mwz) + §9§7LA1(W1)A1(W2)] o vj,

+ [gmAzs(wL wa,ws) + 291, A1 (w1) Az (w1, wa)

+ dl,gmAl(wl) 41(w2)A1(w3)] o 7)3 (13)

With

Uin =Ugs [(Rs +5Ly)sCye+ 1—|—52LSCgS —|—5Lsgm} +sL.i0
(14)

where R is the RF input port source impedance,

Vi = [Al( Youiy, + As(wi, wo ) ov?, + As(wy, wo, ws) 0711311]
X [(Ro+5Ly)sCyy+ 148 LyCyy+38Lygm| +5Ly
X {gmAl (w) OUin

1,
+ |:gmA2(w17 wa)+ (551m> Al(wl)Al(W)] ov},
+ |:gmA3(wla wa, w3)+2g,, A1 (w1) Az (w1, wa)

1
+o79mAL(w1): 41(“’2)/41(%)} O’Ui?’n} -

(15)

Collecting the first-order terms of the previous equation,

1= A (w)V(w) + jwlsgmAr(w) (16)
where
V(w) = (Ry + jwLy)jwCys + 1 + (jw)?LeCys + jwLsgm.
(17
A1(w) is solved recursively as
1
Aw) = (18)

Viw) + jwLsgm’

Collecting the second-order terms in a very similar fashion,

0 :Ag(wl,wg)V(wl + wz) +j(w1 + (.Ug)
1
X Lg | gmAs(wr,w2) + (2,Jm) Al(wl)Al(UJ?)] . (19)

—j(w1 4 wa)Ls 390 A1 (w1) A1 (w2)

A . =
2(w1,w2) Viwy +ws) + (w1 +w2)Lsgm

=— jlwitws)L, 5

(20)

1
519m A1 (w1) A1 (w2) A1 (w1 +w2).

Similarly,
0 :Ag (wl, wo, W3)L7(W1+WQ —|—w3)

+j(witwatws) L, | gmAs(wr, w2, w3)

—|—‘>g§,,A1(w1)AQ(w1,w2)
Yy >A1<w2>A1<ws>] e

Collecting the third-order terms, As(wy,ws,ws) is therefore
solved recursively as

—j(w1 +we + w3) Ly A1 (w1 + wa + w3)

1
29, A1(w1)Aa(wr, wa) + 3—,922141(wl)Al(w)Al(%)] :
(22)

Substitute A1, A5 and A3 back to the nonlinear transfer func-
tion in (15),

CT‘l :gmAl(w)

. 1
GZ = - j(wl +w2)Lsgm 59:71

1
x Ap(wr)Ar(wa)Ar(wy +w2)+§9§n141(w1)/11(w2)

As(wy,wo,w3) =

1 .
259;,7/41(011)141(&12) [1 — j{wrHwa)LsgmAr (w1 +ws)]

1
Gy = [29;1141(&11)42(%7 w2)+ 579 A1 (W) Ar(w2) A1 (w3)

X [1 - jlwitwastws)LygmAr(wi+wa+ws)].  (23)
Consider in-band third-order intermodulation distortion with
the desired signal atw, and the interferer at w;, the in-band third-
order intermodulation distortion is then located at the frequency
where 2w; — ws =2 w; = w,.
Aq(w1)Az(wy,ws) is therefore can be approximated at the
in-band third-order intermodulation distortion frequency as

. 1
AlAQ :§ 441 (w,,j)(—])Ast —q;n Al(w),41 (w)Al(Aw)

+ Ay (wi)(—j)AwL- gmAl( YA (w) A1 (Aw)

+A1 (—ws ) (—j)2wl, 59;,LA1 (w)A1(w)A1(2w)

|
g_]L ()qrn‘41( )|41( )|

X [241(Aw)Aw + A1 (2w)2w] . (24)
Furthermore, at the in-band third-order distortion frequency,
|Gs(wi, wi,w—s)

=1 - jwL;gmAi(w)] ‘Al ‘

2
X |—7 gg:anAl (w) [2AwA; (Aw)

+2wA; (2w)] + gmA1()

|’A1w ‘

= |1 - jWLsg171A1(w)

1 2
x |50 = SiLegin [2A1(Aw)Aw + A1(20)20]).

(25)
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