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Abstract— This article presents design techniques to
facilitate the use of the driving point impedance (Z11) of
one-port transformer-coupled resonators as wideband loads
of millimeter-wave amplifier stages for a 28-GHz receiver
front end. While the use of both the Z11 of a one-port and
the transimpedance (Z21) of a two-port coupled resonator is
considered to achieve a wideband response, it is shown that
under conditions of low magnetic coupling and constrained
network quality factor, the use of Z11 can result in a higher
gain–bandwidth product of low-noise amplifier (LNA) amplifier
stages. The effect of the complex zero in the Z11 response on
the in-band gain ripple is shown to be alleviated merely by
lowering the quality factor of the transformer’s secondary coil;
this strongly motivates the use of compact, nested-inductor
transformer layouts. Implemented in a 65-nm CMOS process, a
three-stage LNA (with Z11 wideband loads in two stages) achieves
a 24.4–32.3-GHz bandwidth (27.9 % fractional bandwidth),
a peak S21 of 24.4 dB (20.4 dB), a minimum noise figure (NF)
of 4 dB (4.6 dB), and an input-referred P1dB of −23 dBm
(−22 dBm) while consuming 22-mW (9.9 mW) power from a
1.1-V (0.85 V) supply. The use of compact transformers limits the
LNA’s footprint to only 0.12 mm2. A 26.5–32.5-GHz quadrature
receiver prototype employing the LNA achieves a 29.5-dB peak
conversion gain, a 5.3-dB minimum NF, and a −26-dBm input-
referred P1dB while consuming 33 mW from a 1.1-V supply.

Index Terms— Coupled resonators, low-noise amplifier (LNA),
millimeter-wave (mm-wave) integrated circuits, receivers, RLC
circuits, wideband.

I. INTRODUCTION

PHASED-ARRAY transceivers [1]–[3] are required to
overcome path loss and realize advanced multiple-input–

multiple-output (MIMO) communication in emerging 5G net-
works in the 28-/38-GHz bands [4]. Since antenna arrays
with high element count are needed, it is important for
the transceiver circuits to be compact, scalable and energy-
efficient. In particular, wideband low-noise amplifiers (LNAs)
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Fig. 1. Comparison of the transimpedance frequency response of a
two-port transformer-coupled resonator (Z21) with the frequency response of
a ripple-compensated one-port coupled-resonator (Z11) with (Q1 = 0.5Q2)
and without (Q2 = Q1) compensation. L = 200 pH, C = 140.7 fF, k = 0.18,
and Q1 = 10. Q1 and Q2 are the circuit quality factors of the two LC tanks.

that can cover contiguous and/or widely separated narrow-
band channels of a diverse spectrum [3] with low cost
and small die area are of high interest, especially in
the 60-GHz [5]–[7] and the 28-GHz bands [3], [8], [9].
Recently, coupled LC resonators have received wide inter-
est in various millimeter-wave (mm-wave) circuits, including
LNAs [3], [8]–[10], wide-tuning voltage-controlled oscillators
(VCOs) [11], [12], and power amplifiers (PAs) [13], [14]. The
resonators can be coupled capacitively, inductively (through an
explicit inductor), or magnetically (through a mutual induc-
tance), and each result in a fourth-order transfer function.
Magnetic coupling is usually preferred since it results in a
lower ripple for a given bandwidth [6]. Recent mm-wave
LNAs in this class exclusively use the transimpedance (Z21) of
weakly coupled transformer-coupled resonators as wideband
loads [3], [5], [6].

In this article, design techniques are introduced to enable
the use of the input driving point impedance (Z11) of a one-
port coupled resonator as a wideband load. A comparison
of the properties of Z11 and Z21 shows that adopting Z11
over Z21 can result in a higher gain–bandwidth (GBW)
product if the in-band gain ripple of the Z11 response is
adequately tempered. In Section II, it is shown that the Z11
gain ripple has a strong dependence on the quality factor
of the transformer’s secondary coil, and an effective trans-
former design technique is introduced to exploit this property.
Fig. 1 compares the ripple-compensated Z11 response of a
transformer coupled resonator using the proposed technique
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Fig. 2. Comparison of recently published mm-wave CMOS LNAs
(<45 GHz).

with the Z21 response—the increase in the GBW product for
a similar in-band ripple is evident. A complete receiver using
a wideband LNA design based on such ripple-compensated
Z11 wideband loads is described in Section III. The char-
acterization results of the 65-nm CMOS prototype are pre-
sented in Section IV. Fig. 2 compares the LNA figure of
merit1 (FOM) [6] of the recently reported wideband CMOS
LNAs [8], [15]–[28] (only LNAs operating below 45 GHz
are considered). The proposed design achieves high FOM and
a compact LNA footprint due to the use of nested-inductor
transformer layouts. Notably, only [17], implemented in 40-nm
CMOS and using spatially offset inductor layouts, achieves
comparable FOM but occupies twice the active area.

II. TRANSFORMER COUPLED-RESONATOR

WIDEBAND LOADS

A. Coupled-Resonator Analysis

Consider the simplified model of a transformer-coupled
resonator, as shown in Fig. 1. Here, the loss of the resonator is
modeled using resistances in series with the inductances and
capacitances. The following definitions are made:
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After discarding the high-frequency zeros, the driving point
impedance (Z11) and the transimpedance (Z21) can be written
in the pole-zero form as [10]2
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1The LNA FOM adopted for comparison has been widely used both in
the past for narrowband LNAs [29], [30] (where the effect of LNA BW
is not considered) as well as in the latest mm-wave research on wideband
LNAs [6], [7] (where the effect of LNA BW is included in the FOM
calculation).

2The effect of interwinding capacitance Cc is omitted here to simplify the
analysis. The effect of Cc on the coupled resonator’s frequency response is
analyzed rigorously in [5] and [12].

Fig. 3. Definitions of magnitude response parameters.

In (2), the low-frequency zero (ωz1) of Z11 is replaced by a
zero at the origin. The quality factors of the complex-conjugate
poles can be obtained by a circuit analysis based on successive
series–parallel transformations and can be approximated by the
following expressions:

Q p1 = 2
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where Q1 and Q2 are the circuit quality factors of the LC
tanks. The location of the poles can be shown to be [11], [12]
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From (2), it is seen that Z11 has an additional
complex-conjugate zero pair, whose frequency and quality
factor can be derived as

ωz2 = ω2√
1 − k2

, Qz2 = Q1 Q2
√

1 − k2

Q1 + k2 Q2
≈ Q2(low-k). (5)

Fig. 3 shows the typical frequency response of magnitudes of
Z11 and Z21 of a transformer-coupled resonator. The peak gain
magnitudes G1 and G3 can be obtained by evaluating (2) at the
pole frequencies. Assuming ξ = 1 for simplicity, the following
expressions are obtained:
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Fig. 4. (a) Primary side Q swept, Q2 = 7.8. (b) Secondary side Q swept,
Q1 = 12.7. The dashed and solid lines represent the magnitude response
parameters of Z21 and Z11, respectively.

Similarly, the magnitude of Z11 at the zero frequency can
be written as
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B. Effect of Quality Factor on GBW Product

In order to achieve high GBW product, the magnitude
responses of Z11 and/or Z21 must have three attributes: 1) wide
−3-dB bandwidth; 2) high gain; and 3) sufficiently low
ripple R. From (4), it is seen that wide bandwidth can be
achieved by exploiting the pole-splitting action of a coupled
resonator [6] to achieve sufficiently large separation between
the poles of the fourth-order system. In order to achieve
high gain, the magnitude peaks of Z11 and Z21 (G1 and
G3 in Fig. 3), which occur roughly at the pole frequencies
f p1 and f p2, must be large. As shown by (6) and (7), these
gains increase with the pole quality factors Q p1 and Q p2,
which in turn depend on the quality factors of both primary-
and secondary-side resonators, as shown by (3). Flatness of
the frequency response within the passband is determined
by the difference between gain magnitude G1 (or G3) and
the magnitude G2 between the two poles, identified as the
gain ripple R in Fig. 3. For both Z11 and Z21, G2 can be
conveniently approximated as the magnitude at the complex
zero frequency ωz2 of Z11. Note that the Z21 response does not
contain a complex zero and its G2 magnitude is determined
by the gain roll-off responses of the two complex pole pairs.
From (4) and (5), it can be observed that Z11’s complex zero
ωz2 lies between the two complex poles and hence strongly
determines G2. In particular, the complex zero causes a notch,
whose depth increases as the quality factor Qz2 increases.

The earlier observations are illustrated by an example
in Fig. 4, where the coupled resonator of Fig. 1 is simulated
with L1 = L2 = 200 pH, k = 0.15, and C1 = C2 =
155 fF. The dependences of the gains G1–G3 on Q1 and Q2
are plotted in Fig. 4(a) and (b), respectively. Two important
conclusions are validated.

1) From (5), it is observed that for low values of k, Qz2 is
more strongly affected by the secondary-side quality

Fig. 5. (a) Peak gain, (b) bandwidth, and (c) GBW for a ripple specification
of R = 4 dB. Solid lines represent Z11, and dashed lines represent Z21.

factor Q2 than the primary-side quality factor Q1.
Consequently, Fig. 4(a) and (b) reveals that that Z11’s
G2[see (8)], which determines the notch depth, varies
strongly with the secondary-side Q2 but is relatively
insensitive to the primary-side Q1.

2) It is also observed that the gain magnitudes G1 and G3
of Z11 show a stronger dependence on Q1 than Q2.
This contrasts with the behavior of Z21 pole gains G1
and G3, which shows an equally strong dependence on
both Q1 and Q2. This observation is validated by (6),
where we see that when compared to Z21 expressions
in (7), the expressions for Z11’s G1 and G3 contain an
additional term dependent on Qz2 (and hence on Q2),
which tempers the otherwise strong dependence of these
pole magnitudes on Q2.

The above mentioned two points lead to a key observation
that is exploited in our LNA prototype presented in Section III;
the gain ripple in Z11’s response can be controlled by using
moderate values of Q2 while maintaining sufficiently large
values of G1 and G3. In other words, even though the quality
factor of the secondary coil is reduced to compensate for the
Z11 ripple, the impact on Z11’s GBW is limited.

C. Ripple-Compensated Z11 Versus Z21

Given a ripple specification R, the GBW of Z11 can be made
larger than that of Z21. This is because ripple compensation
by reducing Q2 still results in high values of G1 and G3,
and outside the passband, Z21 has steeper stopband skirts
(see Fig. 1) when compared to Z11 which lowers its −3-dB
bandwidth. The much steeper upper stopband slope of Z21,
when compared to Z11, is due to the absence of a complex
zero between the poles. Using the Bode plots, it can be
deduced that the Z11 response has stopbands that roll off at
−20 dB/decade (the upper stopband slope is sum of +20,
−40, +40, and −40 dB/decade due to ωz1, ωp1, ωz2, and ωp2,
respectively). On the other hand, the Z21 response will have a
−20-dB/decade slope in the lower stopband (due to the zero)
and a −60-dB/decade slope in the upper stopband (sum of
+20, −40, and −40 dB/decade due to zero at the origin, ωp1,
and ωp2, respectively).

Fig. 5 shows the effect of reducing Q2 on the GBW and
the peak gains for Z11 and Z21 for different values of k.
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Fig. 6. (a) Z11 and Z21 magnitude response with R = 4 dB, where L1 =
L2 = 200 pH, k = 0.2, and C1 = C2 = 155 fF. (b) Magnitude response with
unequal resonant frequencies (ξ = 1.06), where C1 = 150 fF, C2 = 160 fF,
and Q1 = 12.7, to equalize gain peaks G1 and G3 in the Z11 response.

A ripple specification R = 4 dB is chosen in this example,
which imposes a maximum value of Q2 beyond which a
single concurrent band can no longer be assumed. Note that
this definition is somewhat arbitrary and is assumed here for
illustrative purposes, and the validity of the analysis below
remains unaltered by choosing a different specification for the
ripple constraint. In these simulations, L1 = L2 = 200 pH,
k = 0.2, and C1 = C2 = 155 fF. The primary-side quality
factor is set to Q1 = 12.7, which is a reasonable value
at 28 GHz considering the losses of both the inductor and
capacitor. It is clear that for different values of k, higher peak
gain, bandwidth, and GBW can be consistently achieved with
Z11 when compared with Z21. Fig. 6(a) plots the magnitude
response of Z11 and Z21, given the 4-dB ripple constraint,
for a k of 0.2. It is observed that the maximum GBWs
of 1910 and 1607 GHz are achieved for Z11 and Z21 at
Q2 = 5.2 and 9.5, respectively. A further advantage of using
Z11 is that the zero frequency ωz2 can be adjusted to achieve
equal gain peaks G1 and G2. By choosing unequal tank
resonant frequencies (ξ �= 1) through unequal primary- and
secondary-side capacitances, ωz2 in the Z11 response can be
positioned either close to ωp1 (ξ > 1) or close to ωp2 (ξ < 1).
An example is shown in Fig. 6(b), where ξ is set to 1.06 to
equalize the Z11 gain peaks. The Z21 response lacks a complex
zero and hence lacks this responsiveness to ξ .

For designs that use Z11, certain disadvantages should be
noted at this juncture. Here, the transconductor and the load
circuits are both connected to the primary side of the coupled
resonator, and therefore, their capacitances appear in parallel
with the primary-side inductor. This limits the budget allowed
for an external (possibly tunable) capacitance that is typically
necessary to achieve design margin and tunability. On the other
hand, in designs that use Z21, the transconductor and load
circuit capacitances appear across that primary and secondary
sides, respectively. Therefore, a higher budget is available for
the insertion of explicit tuning capacitors on each side. The
ability to separate the transconductor and load capacitances
can be very beneficial in applications where these capaci-
tances are typically large, for example, the driver stages of
a PA [13], [14]. However, in an mm-wave LNA amplifier
operating around 28 GHz, which is the focus of this article,

Fig. 7. Cascaded gain stages using (a) Z11 and (b) Z21 wideband loads.

these capacitances are much smaller, and a Z11 wideband load
with tunable capacitors is as easily realized as a Z21 load.
In designs using Z21, the secondary inductor can be used to
bias the succeeding stage; however, ac-coupling capacitors and
bias resistors are necessary when using a Z11 wideband load.
Finally, while both Z11 and Z21 can serve as wideband loads
in both single-ended and differential implementations, a Z21
load can also conveniently interface between a single-ended
first stage and succeeding differential stages [3], [8], [9], [17].

D. Stagger-Tuned Cascaded Gain Stages

To simultaneously achieve high gain and large fractional
bandwidth at mm-wave frequencies, gain stages with low-
k coupled-resonator loads should be cascaded and stagger-
tuned such that higher ripple (often greater than 3 dB) can
be tolerated in each stage [15]. This is illustrated using an
example in Fig. 7 where two stagger-tuned Z21 and Z11
responses of two cascaded stages are compared. The GBW
advantage of Z11 is again clearly evident; the overall Z11
response achieves a bandwidth nearly twice that of the Z21
response while achieving similar peak gains. It should be
noted that since Z21 has steeper skirts in the transition band,
it exhibits higher group delay in the passband. However, it was
observed that by stagger-tuning stages, it is possible to obtain
a reasonably flat group delay profile in the passband with both
Z11 and Z21 wideband loads.

III. WIDEBAND RECEIVER DESIGN

The previously discussed techniques were applied to design
a wideband LNA that was used in a quadrature receiver front
end. Fig. 8 shows the die photograph and the block diagram
of the receiver, designed in a 65-nm CMOS technology.

A. Wideband Low-Noise Amplifier

The proposed wideband LNA design employs three gain
stages, as shown in Fig. 9(a). The first stage comprises two
inductively generated common-source (CS) legs—M1 and M2,
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Fig. 8. (a) Die photograph and (b) block diagram of the receiver chip
in 65-nm CMOS.

Fig. 9. (a) Circuit schematic and (b) layout floorplan of the three-stage LNA.
All transistors are of minimum length (60 nm).

degenerated by source inductors L P2 and LS2. In contrast to
conventional inductive degeneration, weak coupling is intro-
duced between the two inductors (k ∼ 0.2), laid out in nested
configuration to save area. The two CS legs are designed
to be symmetrical with identical transistor sizes (24 μm)
and degenerating inductances (142 pH). To avoid the noise
penalty, a cascode transistor was not used. The first stage

Fig. 10. Equivalent circuit model of the input matching network. Note that
in mode 1, Section II only has an “even” mode of operation due to symmetry
and reduces to a series-RLC resonant circuit.

employs a coupled-resonator load (XFMR1) comprising a
nested transformer and a combination of fixed and switched
metal–oxide–metal (MOM) capacitors in the primary and
secondary ports; design details of nested transformers and the
MOM capacitors are described in Section III-C. The second
CS stage comprises two transistors M3 and M4 in parallel
with a simple LC resonator load; this stage serves to correct
the droop in the frequency response of the first stage. The
third cascode stage (transistors M5 and M6) uses another
coupled-resonator load (XFMR3) whose frequency response
staggered-tuned with respect to the first stage to extend the
overall bandwidth. Each of the CS transistors (M1–M5) was
biased through a digitally controlled current DAC, thereby
allowing independent control of the parallel CS branches in
stages 1 and 2. The design of the LNA is typically governed
by the need to accommodate large input signals due to the
presence of large interferers. In this design, higher linearity
configurations can be enabled by turning off parts of the first
and second stages, which facilitates linearity to be traded for
noise and voltage gain. In Mode #1, all transistors are ON,
whereas in Mode #2, M1–M3–M4 are ON and M2 is turned
off. In Mode #3, only M1 and M4 are ON, whereas M2 and
M3 are turned off.

The layout floorplan of the LNA is shown in Fig. 9(b).
A low-impedance power/ground routing network (using
stacked metal layers) is integrated on top of multiple small
bypass capacitor elements and distributed throughout the lay-
out. This approach minimizes the parasitic impedances in the
ac current loops through the bypass capacitances of each LNA
stage and the ground return paths. Transformer layouts with
nested inductors (see Section III-C) enable a compact layout
(370 μm × 325 μm) and help to shorten the high-frequency
interconnects.

B. Input Matching

A good input match should be maintained in all operating
modes. This is ensured by an approach described next with
reference to Fig. 10, which shows the equivalent circuit of
the input matching network. The input network is partitioned
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Fig. 11. (a) Offset and (b) nested low-k transformer.

into two sections to facilitate analysis. The first section is a
π-network comprising the gate inductor Lg and capacitances,
C1 and C2. C1 is the total capacitance from the input pads,
trace, and an explicit 24-fF capacitor, whereas C2 represents
the trace parasitics and the Miller-multiplied gate-to-drain
capacitance (Cgd) of the first stage CS transistors. The second
section comprises the CS stage with transformer source degen-
eration. When one half of CS stage is OFF (i.e., Mode #2),
the second section reduces to a series-RLC resonant circuit.
In Mode #1, when both CS stages are ON, the transformer in
the source can be replaced by the π-equivalent network. Since
the two partitions of the input CS stage were designed to be
symmetric, no current flows through the cross inductor in the
π-network, and the network again reduces to a second-order
system. Cascading the low-Q π-network with a low-Q series-
RLC second section, as shown in Fig. 10, results in wide-
band input matching [15]. Furthermore, the presence of the
π-network reduces the value of the gate inductance required
for input matching [31]. However, reverse signal flow through
the Miller-multiplied Cgd due to the absence of a cascode tran-
sistor in the first stage causes the fourth-order response of the
first-stage load to modify the input match. Nevertheless, since
S11 ∼ −10 dB was observed in all three modes, no additional
wideband input matching techniques were employed.

C. Transformer Layout and Tunable MOM Capacitors

In order to minimize die area, transformer-coupled res-
onators that achieve the requisite low k but are compact are
necessary. A common approach to design for low k is to have
spatially offset inductors [5], [6], [8], [15]; in this case, both
coils exhibit similar Qs [see Fig. 11(a)]. However, the area
penalty can be severe for low-k designs. Therefore, nested
layouts were used in this design, as shown in Fig. 11(b).
Since L1 ≈ L2, L2 has two turns, whereas L1 has a single
turn, and low values of k can be achieved. Due to pronounced
current-crowding effects in multiturn inductors, the secondary
coil has a smaller Q than the primary coil. A key advantage
of the nested layout is that a lower secondary coil Q is
consistent with the ripple compensation technique described in
Section II-B and can be readily used to realize wideband Z11
loads. Moreover, the overall area of the transformer remains
the same as that of a single-turn inductor.

Fig. 12. (a) Circuit schematic and (b) simulated CG and DSB NF of the
double-balanced mixer (IF frequency = 1 GHz). (c) Circuit schematic of
the two-stage wideband PPF (R = 150.3 �, C1 = 38.5 fF, C2 = 36.9 fF,
C3 = 30.7 fF, and C4 = 29.7 fF).

Custom interdigitated MOM capacitors were designed using
the fifth, sixth, and seventh metal layers (each 0.22 μm thick)
of the nine-metal process. The single-ended switched MOM
capacitor banks were implemented with 15-fF switched MOM
unit capacitor cells (density ∼ 0.63 fF/μm2) in series with a
12-μm NMOS switch (25-� RON). The OFF-state capacitance
of this unit cell was 7.2 fF, thus achieving a CON/COFF ratio
of ∼2. The ON- and OFF-state Qs of the unit cell were
simulated to be 14 and 54, respectively (at 30 GHz).

D. RF Mixer and I/Q LO Generation

An active double-balanced Gilbert cell mixer was used in
this design [see Fig. 12(a)]. The first stage, a single-ended
transconductor (gm), is coupled to the switching quad through
a single-ended to differential balun. Additional common-gate
transistors were inserted between the secondary winding of the
balun and the switching quad to improve RF-to-LO isolation.
The use of a balun decouples the dc current of the switching
stage from that of the gm-stage, which allows for a higher
load resistance at the output of the mixer and, consequently,
a higher conversion gain (CG) [2]. The simulated CG of the
mixer was 7.7 dB at 28 GHz [see Fig. 12(b)] while consuming
∼11 mA of current. The mixing stage was followed by 50-�
IF buffers to drive the instrument load. Also, an additional
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Fig. 13. LNA measurement results. (a) S21 and S11, (b) variation of
input-referred 1-dB compression point (iP1dB) with RF frequency, (c) vari-
ation of NF with RF frequency, and (d) group delay variation. Simu-
lated S21, S11, and NF are shown with dashed lines.

measurement buffer was added at the output of the LNA to
facilitate the standalone characterization.

To simplify the measurement setup, quadrature LO sig-
nals for the mixer were generated on-chip using an external
sinusoidal LO signal source. An input balun provided input
matching and converted the single-ended LO input to a differ-
ential signal. A two-stage polyphase filter (PPF) followed the
balun. Layout and parasitic compensation techniques, intro-
duced in [32], were followed to improve the PPF’s I/Q accu-
racy over a wide bandwidth. The circuit schematic is shown
in Fig. 12(c). To compensate for the high signal loss in the
two-stage PPF, two differential staggered-gain stages followed
the PPF, which ensured a reasonable voltage swing at the
mixer inputs. The image rejection ratio (IRR) of the LO path
was simulated to be better than 29 dB between 25 and 32 GHz.

IV. MEASUREMENT RESULTS

A. Breakout LNA Measurements

The LNA was measured in each of its three modes
at its nominal 1.1-V VDD and also at reduced VDD of
0.95 and 0.85 V. Fig. 13(a) shows the measured and simulated
gain (S21) and input match (S11) of the LNA, respectively. The
simulated loss of the measurement buffer was deembedded
from the measurement. The addition of the measurement
buffer and the presence of a long interconnection between
the LNA and the mixer resulted in a slight reduction in
bandwidth. Good correlation between the simulations and
measurements was observed. The in-band input match was
better than −7.5 dB.

The linearity of the LNA was characterized through its
input-referred input compression point (iP1dB). Fig. 13(b)
shows the improvement in the linearity performance of the

LNA between Mode #1 and Mode #2. At an RF frequency
of 28 GHz, iP1dB in Mode #1and Mode #2 were mea-
sured to be −23 and −21 dBm, respectively. The iP1dB in
Mode #3 was measured to be −19 dBm; however, this mode
was not further characterized as the LNA NF was measured
to be higher than expected (6.2 dB).

The variation of the LNA’s NF with RF frequency is
shown in Figs. 13(c). A Noisecom NC346V noise source in
conjunction with an Agilent E4440A spectrum analyser was
used for NF measurement. Due to the upper frequency limit of
the measurement setup, the NF could only be measured up to
26.5 GHz. In the low-NF Mode #1 of operation, a minimum
NF of 4 dB was observed at 25 GHz. Over 55% reduction in
power was observed in the low-power mode (0.85-V supply).
The use of local current mirrors (sharing the LNA VDD)
resulted in lowering of transistor biases at reduced supply
voltages, thereby further reducing the power. The group-delay
variation in Mode #1 was measured to be 73 ± 13 ps over the
−3-dB bandwidth, as shown in Fig. 13(d).

B. Comparison With LNA State of the Art

A summary of the LNA performance and benchmarking
against similar work is provided in Table I. The LNA
demonstrates a best-case FOM1 [6], [7], [33], [34] of 12.94
dB, highest among similar designs, while occupying the
smallest area. FOM1, expressed in dB, adds the impact of LNA
bandwidth to the FOM in [29] and [30]. To include the effect
of linearity, FOM2 can be used [17]. Unlike FOM1, FOM2 is
not expressed in dB to avoid negative values. The definitions
of FOM1 and FOM2 are noted in Table I. A few LNAs
reported in Table II have higher values of FOM2, but they are
either single-stage designs with low gain [19], [23], [25], [26]
or operate at a higher supply voltage [19], [15]. Recent
mm-wave LNAs operating beyond 60 GHz have reported
FOMs as high as 18 dB [6] and 16 dB [7]. However, these
LNAs have been implemented in the 28- and 22-nm CMOS
processes where lower transistor parasitics, higher transistor
cutoff frequencies ( fT ), and transconductance efficiencies
facilitate high FOMs. Furthermore, due to the low quality
factor of integrated on-chip capacitors beyond 50 GHz [35],
amplifier designs at these frequencies avoid using switched
MOM capacitors, and inductors and transformers are often
designed to resonate only with the parasitic capacitances [6].
This limits post-fabrication tunability but enables higher GBW
compared with the designs at 28 GHz, such as in this article,
where explicit capacitors are necessary to provide tunability
and avoid very large inductor sizes. It should be noted that
it is difficult for a single FOM or performance metric to
capture the intricacies or the advantages of a new design;
therefore, Table II lists several other pertinent metrics such as
output-referred P1dB (oP1dB), fractional bandwidth, and the
GBW product in addition to FOM1, FOM2, and the common
LNA performance parameters of gain, −3-dB and fractional
bandwidth, noise figure (NF), and power consumption.

C. Receiver Measurements

The receiver was measured with the LNA configured in
its different modes. Fig. 14(a) shows the measured CG and
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TABLE I

MEASUREMENT RESULTS AND COMPARISON WITH STATE-OF-THE-ART mm-WAVE LNAs

TABLE II

RECEIVER MEASUREMENT RESULTS

the DSB NF. A maximum CG of 29.5 dB and a minimum
DSB NF of 5.3 dB were measured in Mode #1. The out-
put IF buffer’s loss was deembedded from the measurement
results. In the receiver’s low-power mode, where the LNA

Fig. 14. Receiver measurement results. (a) CG (IF = 1 GHz) and DSB NF
(IF = 2 GHz). (b) I/Q phase mismatch (absolute) measured at the IF output
at a low IF frequency of 50 MHz.

operates in Mode #1 at a reduced VDD of 0.85 V, a peak CG
of 24.7 dB and a minimum DSB NF of 6.5 dB were measured.
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When the receiver is configured to operate in its Mode #2,
an improvement of 3 dB in the measured iP1dB is observed
over Mode #1. The receiver achieved an RF bandwidth
of 6 GHz between 26.5 and 32.5 GHz. Reduction in the RF
bandwidth of the receiver, compared with the LNA, can be
attributed to the nonwideband design of the mixer’s gm-stage.
The measured IF bandwidth was 2.5 GHz, limited by the pole
at the mixer’s output.

The quadrature phase error of the LO path with the wide-
band PPF was also estimated by measuring the phase differ-
ence between the I+ and Q+ IF outputs. Note that the LO
phase error appears directly at the IF output, whereas the LO
gain error is mostly rejected by the mixer at sufficiently large
LO amplitudes. To minimize the contributions from the signal
path layout mismatches and the measurement setup to the LO
I/Q phase error, the measurement was carried out at a low IF
of 50 MHz. The I/Q phase error, shown in Fig. 14(b), was
measured to be smaller than 5◦ in the 26–33-GHz band. The
gain imbalance was smaller than 0.32 dB. These measurement
results are summarized in Table II.

V. CONCLUSION

This article describes the design of a wideband receiver
in 65-nm CMOS. A compact, wideband, reconfigurable
LNA using the driving-point impedance (Z11) of one-port
transformer-coupled resonators is described. Design guidelines
and insights are presented for the use of Z11 as a wideband
load. Nested-layout transformers are shown to simultaneously
minimize area and flatten the Z11 response. The effectiveness
of the proposed techniques is demonstrated through the mea-
surements of a 28-GHz quadrature receiver prototype and its
constituent LNA.
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