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A 5G Millimeter-wave n257 Band CMOS
Down-conversion Mixer with Inner-diameter-shared

Source Degeneration Inductors

Jinman Myung1, Geonwoo Park1, Ho Kim1, Suyeon Lee2, and Ilku Nam1,∗

Abstract: A 5G millimeter-wave n257 band CMOS down-conversion mixer using inner-diameter-shared source
degeneration inductors with magnetic coupling effect is proposed for 5G wireless communication systems. Con-
sidering the coupling coefficient of these inductors, the derivative superposition linearization technique is applied
to the proposed mixer to improve its linearity. The 28- GHz down-conversion mixer with a local oscillator was
implemented using a 65-nm RF CMOS process. The down-conversion mixer draws 11.7-mA current from a 1-V
supply voltage. It achieves a conversion gain of 11.8 dB, noise figure of 9.74 dB, and a third-order input intercept
point of 7 dBm.

Index terms: Down-conversion mixer, 5G, millimeter-wave, source degeneration inductors

I. INTRODUCTION

The millimeter-wave (mmWave) 28 GHz band is a
widely used 5G band. Among the various mmWave 5G
bands, the mmWave 28 GHz band is widely used because
of the availability of spectrum in the greatest number of
countries across the globe, reduced device complexity,
and better propagation. Especially, 5G mmWave 28 GHz
band n257 is a frequency band defined for short range
millimeter-wave communications at high data rates in 5G-
new radio networks and covers 26.5 to 29.5 GHz for South
Korea, North America, and Japan [1-4].

A direct-conversion receiver architecture is a suit-
able candidate for implementing low-power 5G mmWave
transceivers to enhance energy efficiency [5]. The linearity
performance of the direct-conversion receiver front-end is
primarily determined by the down-conversion mixer. Con-
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sequently, realizing a linear down-conversion mixer with
low power consumption is essential. Among the methods
to improve the linearity of a mixer, the derivative super-
position technique, which can compensate for the nonlin-
earity of the main transistor with the nonlinearity of the
auxiliary transistor, is often used in mixer circuits [6,7].
In the early stages of circuit design at the schematic level,
when source degeneration inductors are used for the main
transistor and the auxiliary transistor, the coupling factor
between the inductors is typically neglected during linear-
ity optimization. However, during the actual layout imple-
mentation, the mutual coupling between these inductors
causes a deviation from the originally optimized linearity
point, leading to a need for redesign [8]. To minimize the
magnetic coupling effect between the source degeneration
inductors used in the main and auxiliary transistors, the
inductors must be spaced at least 400 µm apart, as shown
in [8]. However, this results in increased silicon area uti-
lization.

In this paper, we propose a source-degeneration induc-
tor structure that shares the inner diameter of the source-
degeneration inductors used in the main and auxiliary
transistors to reduce the silicon area. Additionally, we ver-
ify the derivative superposition linearization technique by
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considering the coupling coefficient of these inductors, ap-
plying it to the design of a 28 GHz down-conversion mixer
with a local oscillator buffer in 65-nm CMOS technology.

II. PROPOSED CIRCUIT DESIGN

Fig. 1 shows the simplified schematic of the down-
conversion mixer with an LO buffer using the proposed
source-degeneration inductor structure which shares the
inner diameter of the source-degeneration inductors.
When the differential superposition technique, which
compensates the nonlinearity of the auxiliary transistor
with that of the main transistor, is applied to a mixer
circuit, the source inductor for the main transistor and
that for the auxiliary transistor are typically implemented
separately, as illustrated in Fig. 1. As mentioned in the
introduction, the spacing between the inductors should
be at least 400 µm to minimize the magnetic coupling
effect between the source degeneration inductors used in
the main and auxiliary transistors. This leads to an in-
creased utilization of silicon area. Therefore, to reduce
the silicon area while taking advantage of the coupling
effect between the source inductors used for the main and
auxiliary transistors, we propose a shared source inductor
design, where the inner diameter of the source inductors
is common, as shown in Fig. 1, and apply the differential
superposition technique.

Volterra series analysis is conducted to rigorously ex-
amine the circuit design approach based on the derivative

Fig. 1. Simplified schematic of the down-conversion mixer with
LO buffer using the proposed source-degeneration induc-
tor structure that shares the inner diameter of the source-
degeneration inductors.

Fig. 2. Simplified small-signal equivalent schematic of the
transconductor for nonlinearity analysis.

superposition technique, specifically including the impact
of inductive coupling between the inductors connected to
the main and auxiliary transistors. Fig. 2 illustrates the
simplified small-signal model employed to derive the non-
linearity equations of the transconductor shown in Fig.
1. The parasitic gate-drain capacitance Cgd is neglected
to simplify the nonlinearity analysis. vin denotes the in-
put voltage signal source. L1 and L2 represent the source-
degeneration inductors, and M indicates the mutual induc-
tance between them. Cgs1 and Cgs2 are the gate-to-source
capacitances of M1 and M2, respectively. As shown in Fig.
2, vin, i1, and i2 can be expressed using KCL and KVL as
follow:

vin = vgs1 + vs1 = vgs1 + jωL1i1 − jωMi2

= vgs2 + vs2 = vgs2 + jωL2i2 − jωMi1, (1)

i1 = jωvgs1Cgs1 + ia and i2 = jωvgs2Cgs2 + ib, (2)

where vs1 and vs2 are expressed as vs1 = jωL1i1 − jωMi2
and vs2 = jωL2i2 − jωMi1. Using the Volterra series rep-
resentation, the gate-to-source voltage vgs1 and the drain-
source current ia of the main transistor M1, as well as the
gate-to-source voltage vgs2 and the drain-source current ib
of the auxiliary transistor M2, can be expressed as follows:

vgs1 = A1( jω)◦ vin +A2( jω1, jω2)◦ v2
in

+A3( jω1, jω2, jω3)◦ v3
in, (3)

ia = g1Avgs1 +g2Av2
gs1 +g3Av3

gs1

= B1( jω)◦ vin +B2( jω1, jω2)◦ v2
in

+B3( jω1, jω2, jω3)◦ v3
in, (4)

vgs2 =C1( jω)◦ vin +C2( jω1, jω2)◦ v2
in

+C3( jω1, jω2, jω3)◦ v3
in, (5)

ib = g1Bvgs2 +g2Bv2
gs2 +g3Bv3

gs2

= D1( jω)◦ vin +D2( jω1, jω2)◦ v2
in

+D3( jω1, jω2, jω3)◦ v3
in, (6)

where vn
in represents the nth power of the voltage source

signal, and An( jω), Bn( jω), Cn( jω), and Dn( jω) de-
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note the Volterra-series coefficients, which are linear func-
tions of n frequencies [9]. The Volterra-series coefficients
An( jω) and Cn( jω) are obtained as using Eqs. (1), (2),
(3), and (5), as detailed in Appendix A. The correspond-
ing coefficients are given as g1A = gm1, g2A = 1

2 gm1
′
, g3A =

1
6 gm1

′′
, g1B = gm2, g2B = 1

2 gm2
′
, g3B = 1

6 g
′′

m2. The parame-
ters gm1 and gm2 represent the first-order transconductance
of each transistor, while gm1

′
, gm1

′′
, gm2

′
, and gm2

′′
denote

the first- and second-order derivatives corresponding to
the nonlinear characteristics of the devices. Accordingly,
g2A and g3A represent the coefficients of the second- and
third-order nonlinear terms, respectively, where the factors
1
2 and 1

6 are derived from the Taylor series expansion.
From Eqs. (3)-(6), the Volterra-series coefficients

Bn( jω) and Dn( jω) is expressed as

B1( jω) = g1AA1( jω), (7)

B2( jω1, jω2)

= g1AA2( jω1, jω2)+g2AA1( jω1)A1( jω2), (8)

B3( jω1, jω2, jω3)

= g1AA3( jω1, jω2, jω3)+2g2AA1( jω)A2( jω1, jω2)

+g3AA1( jω1)A1( jω2)A1( jω3), (9)

D1( jω) = g1BC1( jω), (10)

D2( jω1, jω2)

= g1BC2( jω1, jω2)+g2BC1( jω1)C1( jω2), (11)

D3( jω1, jω2, jω3)

= g1BC3( jω1, jω2, jω3)+2g2BC1( jω)C2( jω1, jω2)

+g3BC1( jω1)C1( jω2)C1( jω3), (12)

where

A1( jω)A2( jω1, jω2) =
1
3
[A1( jω1)A2( jω2, jω3)

+A1( jω2)A2( jω1, jω3)

+A1( jω3)A2( jω1, jω2)],

and

C1( jω)C2( jω1, jω2) =
1
3
[C1( jω1)C2( jω2, jω3)

+C1( jω2)C2( jω1, jω3)

+C1( jω3)C2( jω1, jω2)].

In Fig. 2, the total drain current it is expressed as

it = ia + ib

= H1( jω)◦ vin +H2( jω1, jω2)◦ v2
in

+H3( jω1, jω2, jω3)◦ v3
in,

where Volterra-series coefficient H1( jω) is given by the
sum of B1( jω) and D1( jω), while H3( jω1, jω2, jω3)

is obtained as the summation of B3( jω1, jω2, jω3) and
D3( jω1, jω2, jω3).

From Eqs. (9) and (12), H3( jω1, jω2, jω3) can be ex-
pressed as follows:

H3( jω1, jω2, jω3)

= B3( jω1, jω2, jω3)+D3( jω1, jω2, jω3)

=


1+

g1A


g1B(ω1+ω2+ω3)

2(L1L2−M2)

+ j(ω1+ω2+ω3)
3(L1L2−M2)Cgs2

− j(ω1+ω2+ω3)L1


V ( j(ω1 +ω2 +ω3))

+
j(ω1 +ω2 +ω3)Mg1B

V ( j(ω1 +ω2 +ω3))


×

(
2g2AA1( jω1)A2( jω1, jω2)

+g3AA1( jω1)A1( jω2)A1( jω3)

)

+


1+

g1B


g1A(ω1+ω2+ω3)

2(L1L2−M2)

+ j(ω1+ω2+ω3)
3(L1L2−M2)Cgs1

− j(ω1+ω2+ω3)L2


V ( j(ω1 +ω2 +ω3))

+
j(ω1 +ω2 +ω3)Mg1A

V ( j(ω1 +ω2 +ω3))


×

(
2g2BC1( jω1)C2( jω1, jω2)

+g3BC1( jω1)C1( jω2)C1( jω3)

)
. (13)

To reduce the design degrees of freedom, if the terms in-
side the brackets of Eq. (13) are designed to be identical,
the following condition is satisfied:

Cgs1(L1 +M) =Cgs2(L2 +M). (14)

Moreover, if Eq. (14) is satisfied, A1( jω) and C1( jω) in
Appendix A become identical. Therefore, under the con-
dition given in Eq. (14), Eq. (13) can be expressed as fol-
lows.

H3( jω1, jω2, jω3)

=


1+

g1A


g1B(ω1+ω2+ω3)

2(L1L2−M2)

+ j(ω1+ω2+ω3)
3(L1L2−M2)Cgs2

− j(ω1+ω2+ω3)L1


V ( j(ω1 +ω2 +ω3))

+
j(ω1 +ω2 +ω3)Mg1B

V ( j(ω1 +ω2 +ω3))


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×


2g2AA1( jω1)A2( jω1, jω2)

+g3AA1( jω1)A1( jω2)A1( jω3)

+2g2BC1( jω1)C2( jω1, jω2)

+g3BC1( jω1)C1( jω2)C1( jω3)

 . (15)

The third-order intermodulation intercept point (IIP3)
at the frequency 2ωb − ωa can be calculated using the
Volterra-series coefficient H3( jω1, jω2, jω3), with the
condition that ω1 =ωb, ω2 =ωb, and ω3 =−ωa. When the
difference between the adjacent frequencies ωa and ωb is
small, it can be assumed that ω ≈ ωa ≈ ωb [10]. The input
tone amplitude at the intercept point of the IMD3 response
at 2ωb −ωa with the fundamental response at ωa is given
by [7].

AIP3(2ωb −ωa) =

√
4
3

∣∣∣∣ H1( jωb)

H3( jωb, jωb,− jωa)

∣∣∣∣. (16)

Complex mathematical analyses using Eq. (15) and
(A.3)-(A.6) lead to the following expression for H3( jωb,
jωb, − jωa).

H3( jωb, jωb,− jωa)

≈ H3( jω, jω,− jω)

= A1( jω)|A1( jω)|2

×


1+

g1A


g1Bω

2(L1L2−M2)

+ jω3(L1L2−M2)Cgs2

− jωL1

+ jωMg1B

V ( jω)



×



(g3A +g3B)

+
2
3


4ω

2(L1L2 −M2)(g2
2Ag1B +g1Ag2

2B)

+ j


8ω

2(L1L2 −M2)

× (Cgs2g2
2A +Cgs1g2

2B)

−2ω(L1g2
2A −2Mg2Ag2B

+L2g2
2B)




V ( j2ω)


.

(17)

As shown in Eq. (17), the coupling effect between
source degeneration inductors influences the linearity of
the transconductance stage. Maintaining the relationship
expressed in Eq. (14), as shown in Eq. (16), the design
was carried out to enhance linearity by minimizing the fi-
nal term in Eq. (17), such that it approaches zero as closely
as possible.

Fig. 3(a) shows the layout of inductors L1 and L2 used
for the main and auxiliary transistors, respectively. Fig.
3(b) presents the inductance and coupling coefficient val-

(a)

(b)

Fig. 3. (a) Layout of the source degeneration inductors L1 and
L2, (b) inductance and coupling coefficient of the source
degeneration inductors L1 and L2.

ues obtained through EM simulation for the inductor lay-
out shown in Fig. 3(a). At a frequency of 28 GHz, the cou-
pling coefficient between the two inductors is 0.193, and
the inductance values of L1 and L2 are 590 pH and 380 pH,
respectively. The bias voltages (VB1 and VB2) for the main
and auxiliary transistors are provided by the current mir-
ror bias circuits [5]. To enhance linearity at a low supply
voltage without stacking, the transconductance stage and
switching stage are magnetically coupled via the on-chip
2 : 1 transformer T1.

III. MEASUREMENT RESULTS

The proposed 28- GHz down-conversion mixer em-
ploying magnetically coupled source degeneration induc-
tors with an LO buffer was implemented using a 65-nm
CMOS process for verification. Fig. 4 shows the chip pho-
tograph of the mixer with an LO buffer, of which sili-
con area is 700 µm × 500 µm excluding and PADs. The
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Fig. 4. Chip photograph of the down-conversion mixer with an
LO buffer.

down-conversion mixer draws 11.7-mA from a 1-V supply
voltage. For the measurements, a −10 dBm power level
was applied to the LO input via an external signal genera-
tor for the measurements.

Fig. 5 presents the measured RF input |S11|, conversion
gain, noise figure, and IIP3 performance. The measured
RF input |S11| is less than -10 dB from 26.5 GHz to 29.5
GHz. The conversion gain is greater than 10.6 dB over the
26.5–29.5 GHz frequency range and reaches 11.8 dB at
28 GHz frequency. As shown in Fig. 5(b), a noise figure of
9.7 dB was achieved at a 50 MHz IF frequency, with a gain
of 11.8 dB at an RF operating frequency of 28 GHz. Fig.
5(c) shows the measured IIP3 under two tone excitation at
28 and 28.01 GHz with an LO frequency of 27.99 GHz.
The proposed mixer achieves an IIP3 that is 5 dB higher
than that of a conventional mixer without the lineariza-
tion technique. Table 1 compares the performances of the
proposed 28 GHz down-conversion mixer with those of
other mmWave ones. The proposed mixer has good figure
of merit (FOM) compared with the previously published
mmWave ones.

IV. CONCLUSIONS

This paper has presented a 5G millimeter-wave CMOS
down-conversion mixer employing inner-diameter-shared
source degeneration inductors with magnetic coupling for
5G wireless communication systems. By taking the cou-
pling coefficient of the inductors into account, a derivative
superposition linearization technique was applied to en-
hance the linearity of the proposed mixer. The proposed
mixer demonstrates promising linearity performance and
a competitive figure of merit, indicating its suitability for

(a)

(b)

(c)

Fig. 5. (a) Measured conversion gain and RF input return loss,
(b) double side-band NF, (c) IIP3 of the proposed mixer.

28- GHz 5G applications.
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Table 1. Summary and comparison of performance.

[3] [11] [12] [13] This work

Operating
frequency

( GHz)
26.5-29.5 31 26.5-39 24-40 26.5-29.5

Gain (dB) 11 3.4 3.87∗∗ −4.1-1.2 11.8

OIP3
(dBm)

13.5 21.4 4.54∗∗ 4-6.8 18.8

NF (dB) 8.9 9.5 13.62∗∗ 12.4-15.3
(SSB NF)

9.74 @ 50
MHz IF

LO input
power
(dBm)

-10∗ 3 5 N.A. −10∗

Power
consump-
tion (mW)

13.7/23.8∗

@ 1 V
(Mixer +

LO buffer)

21.2 @
1.5 V

(Mixer)

9.75 @
1 V

(Mixer)

7.9/17.6∗

@ 1.1 V
(Mixer +
IF buffer
+ LO
buffer)

11.7/21.7∗

@ 1 V
(Mixer +

LO
buffer∗)

Technology 65 nm
CMOS

45 nm SOI
CMOS

65 nm
CMOS

40 nm
CMOS

65 nm
CMOS

Area 0.39 mm2 0.8 mm2 0.4 mm2 0.654 mm2 0.35 mm2

F.O.M(1)

[8]
1.9/1.1∗ @

28 GHz
17.2 @ 31

GHz
0.24 @ 28

GHz

0.61/0.27
@ 28

GHz(2)

5.5/2.99∗

@ 28 GHz

∗ Value including LO buffer, ∗∗ Value at 28 GHz
(1) F.O.M. =

Gain [abs] · IIP3 [mW]

PDC [mW]
· 1
(NF −1) [abs]

· f [ GHz]

(2) Value calculated based on data estimated in [13]

APPENDIX A

In the main transistor of Fig. 2, the following equation
can be derived:

vin = vgs1 + vs1

= vgs1 + jωL1i1 − jωMi2

= vgs1 + jωL1( jωvgs1Cgs1 + ia)

− jωM( jωvgs2Cgs2 + ib)

= (1−ω
2L1Cgs1 + jωL1g1A)vgs1 + jωL1g2Av2

gs1

+ jωL1g3Av3
gs1 +(ω2MCgs2 − jωMg1B)vgs2

− jωMg2Bv2
gs2 − jωMg3Bv3

gs2

= (1−ω
2L1Cgs1 + jωL1g1A)

× [A1( jω) · vin +A2( jω1, jω2) · v2
in

+A3( jω1, jω2, jω3) · v3
in]

+ jωL1g2A[A1( jω1)A1( jω2) · v2
in

+2A1( jω)A2( jω1, jω2) · v3
in + · · · ]

+ jωL1g3A[A1( jω1)A1( jω2)A1( jω3) · v3
in + · · · ]

+ (ω2MCgs2 − jωMg1B)

× [C1( jω) · vin +C2( jω1, jω2) · v2
in

+C3( jω1, jω2, jω3) · v3
in]

− jωMg2B[C1( jω1)C1( jω2) · v2
in

+2C1( jω)C2( jω1, jω2) · v3
in + · · · ]

− jωMg3B[C1( jω1)C1( jω2)C1( jω3) · v3
in + · · · ].

(A.1)

Similiarly, in the auxiliary transistor, the following equa-
tion can be derived:

vin = vgs2 + vs2

= vgs2 + jωL2i2 − jωMi1

= vgs2 + jωL2( jωvgs2Cgs2 + ib)

− jωM( jωvgs1Cgs1 + ia)

= (1−ω
2L2Cgs2 + jωL2g1B)vgs2 + jωL2g2Bv2

gs2

+ jωL2g3Bv3
gs2 +(ω2MCgs1 − jωMg1A)vgs1

− jωMg2Av2
gs1 − jωMg3Av3

gs1

= (1−ω
2L2Cgs2 + jωL2g1B)[C1( jω) · vin

+C2( jω1, jω2) · v2
in +C3( jω1, jω2, jω3) · v3

in]

+ jωL2g2B[C1( jω1)C1( jω2) · v2
in

+2C1( jω)C2( jω1, jω2) · v3
in + · · · ]

+ jωL2g3B[C1( jω1)C1( jω2)C1( jω3) · v3
in + · · · ]

+ (ω2MCgs1 − jωMg1A)[A1( jω) · vin

+A2( jω1, jω2) · v2
in +A3( jω1, jω2, jω3) · v3

in]

− jωMg2A[A1( jω1)A1( jω2) · v2
in

+2A1( jω)A2( jω1, jω2) · v3
in + · · · ]

− jωMg3A[A1( jω1)A1( jω2)A1( jω3) · v3
in + · · · ].

(A.2)

The conditions that satisfy Eqs. (A.1) and (A.2) are as fol-
lows:

A1( jω) =
1−ω2(L2 +M)Cgs2 + jω(L2 +M)g1B

V ( jω)
,

(A.3)

C1( jω) =
1−ω2(L1 +M)Cgs1 + jω(L1 +M)g1A

V ( jω)
,

(A.4)

A2( jω1, jω2)

=


(ω1 +ω2)

2(L1L2 −M2)g1Bg2A

+ j(ω1 +ω2)
3(L1L2 −M2)Cgs2g2A

− j(ω1 +ω2)L1g2A


×A1( jω1)A1( jω2)

+ j(ω1 +ω2)Mg2BC1( jω1)C1( jω2)

V ( j(ω1 +ω2))
, (A.5)
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C2( jω1, jω2)

=


(ω1 +ω2)

2(L1L2 −M2)g1Ag2B

+ j(ω1 +ω2)
3(L1L2 −M2)Cgs1g2B

− j(ω1 +ω2)L2g2B


×C1( jω1)C1( jω2)

+ j(ω1 +ω2)Mg2AA1( jω1)A1( jω2)

V ( j(ω1 +ω2))
, (A.6)

A3( jω1, jω2, jω3)

=

2A1( jω)A2( jω1, jω2)

×


(ω1 +ω2 +ω3)

2(L1L2 −M2)g1Bg2A

+ j(ω1 +ω2 +ω3)
3(L1L2 −M2)Cgs2g2A

− j(ω1 +ω2 +ω3)L1g2A


+A1( jω1)A1( jω2)A1( jω3)

×


(ω1 +ω2 +ω3)

2(L1L2 −M2)g1Bg3A

+ j(ω1 +ω2 +ω3)
3(L1L2 −M2)Cgs2g3A

− j(ω1 +ω2 +ω3)L1g3A


+2C1( jω)C2( jω1, jω2)[ j(ω1+ω2+ω3)Mg2B]

+C1( jω1)C1( jω2)C1( jω3)[ j(ω1+ω2+ω3)Mg3B]

V ( j(ω1 +ω2 +ω3))
,

(A.7)

C3( jω1, jω2, jω3)

=

2C1( jω)C2( jω1, jω2)

×


(ω1 +ω2 +ω3)

2(L1L2 −M2)g1Ag2B

+ j(ω1 +ω2 +ω3)
3(L1L2 −M2)Cgs1g2B

− j(ω1 +ω2 +ω3)L2g2B


+C1( jω1)C1( jω2)C1( jω3)

×


(ω1 +ω2 +ω3)

2(L1L2 −M2)g1Ag3B

+ j(ω1 +ω2 +ω3)
3(L1L2 −M2)Cgs1g3B

− j(ω1 +ω2 +ω3)L2g3B


+2A1( jω)A2( jω1, jω2)[ j(ω1+ω2+ω3)Mg2A]

+A1( jω1)A1( jω2)A1( jω3)[ j(ω1+ω2+ω3)Mg3A]

V ( j(ω1 +ω2 +ω3))
,

(A.8)

where V ( jω) is given by the following:

V ( jω) = (1−ω
2L1Cgs1 + jωL1g1A)

× (1−ω
2L2Cgs2 + jωL2g1B)

− (ω2MCgs2 − jωMg1B)

× (ω2MCgs1 − jωMg1A). (A.9)
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