IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 51, NO. 2, FEBRUARY 2016

323
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Abstract—This paper presents a CMOS millimeter-wave
(mm-wave) receiver designed to meet the challenges in low-power,
ultra-broadband, phased-array systems with a large number
of array elements. This receiver employs a high intermediate-
frequency (IF) heterodyne architecture to reduce the frequency
and power consumption associated with distributing a local oscil-
lator (LO). The receiver operates over a bandwidth of 51-71 GHz,
while maintaining 20 GHz of bandwidth along the signal chain of
the entire mm-wave front end, through a high-IF stage, and to the
baseband output. To maintain a high fractional bandwidth (fBW)
throughout the signal chain, this receiver employs multiple gain-
equalized transformers. Receiver measurements show an overall
flat bandwidth response of 20 GHz, with a total gain of 20 dB,
a minimum double-sideband noise figure of 7.8 dB, and an input
1 dB compression power of —24 dBm while consuming 115 mW
from a 1.1 V supply. The test chip, implemented in a six-metal
layer 40 nm CMOS process, occupies an area (including pads) of
1.2 mm?.

Index Terms—Millimeter-wave integrated circuits, phased-
arrays, receivers, RLC circuits, wideband.

I. INTRODUCTION

PPLICATIONS for single-chip CMOS electronics in

the millimeter-wave (mm-wave) and terahertz spectrum
promise to provide antenna, circuit, device, and system engi-
neers with exciting opportunities for innovation. A couple of
decades ago, the radio frequency (RF) band between 500 MHz
and 10 GHz was considered “high” frequency for CMOS-based
integrated circuits. However, advances in device fabrication and
continued scaling of the minimum feature size have extended
the maximum operating frequency of a single CMOS transis-
tor in excess of several hundred gigahertz. Much of the initial
commercial impetus for mm-wave CMOS was provided by the
“60 GHz” standards (e.g., IEEE 802.11ad), which promised

Manuscript received May 15, 2015; revised August 14, 2015 and November
08, 2015; accepted November 13, 2015. Date of publication January 14, 2016;
date of current version January 29, 2016. This paper was approved by Associate
Editor Jan Craninckx. This work was supported by Grants from CDADIC and
Qualcomm.

V. Bhagavatula is with Samsung Semiconductors Inc., San Jose, CA 95134
USA.

T. Zhang, A. R. Suvarna, and J. C. Rudell are with the Department
of Electrical Engineering, University of Washington, Seattle, WA 98195
USA (e-mail: bvenu@uw.edu; togzhang@uw.edu; apsara@uw.edu;
jerudell@uw.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSSC.2015.2504411

short-range high-speed communication with data rates exceed-
ing 6-7 Gb/s. Starting with prototypes of mm-wave CMOS
low-noise amplifiers (LNAs) and mixers [1]-[3], researchers
have now demonstrated fully integrated mm-wave frequency
synthesizers [4] and transceivers [5]-[8]. However, numerous
challenges such as high-power consumption, large silicon area
and bandwidth limitations, impede mass consumer deployment
of mm-wave CMOS transceivers.

Extending the bandwidth of mm-wave transceivers, the pri-
mary focus of this paper, has gained recent interest in several
publications [9], [10]. To achieve wideband signal amplifica-
tion, this paper explores a technique to intentionally introduce
electric coupling between magnetically coupled resonant tanks
(transformers), succinctly referred to as gain-equalized trans-
formers. In the discussion on bandwidth of a circuit, this paper
will use the definition of fractional bandwidth (fBW) to mean
the channel bandwidth/carrier frequency x 100.

The prototype receiver described in this work targets the mm-
wave frequency range of 50-70 GHz, as shown in Fig. 1. It is
important to note that although the input frequency band has an
overlap with the 60 GHz standard, the choice of this band was
based on more practical considerations relating to the available
measurement equipment in the lab, i.e., this receiver was not
designed to meet the 60 GHz standard specifications. 60 GHz
transceivers use narrow-band circuit techniques due to fBW
requirements of less than 15%. In contrast, the ultra-wideband
receiver described in this paper has a baseband bandwidth of
9 GHz (LSB) and 11 GHz (USB), approximately nine times
larger than state-of-the-art 60 GHz systems.

To counter the high propagation-loss at mm-wave frequen-
cies, multi-element phased-array transceivers have been pro-
posed in prior-art [9]. Moreover, trends on the application level
demand long-distance point-to-point mm-wave solutions with
more directionality, necessitating a phased-array with large
number of array elements. In such a scenario, the high power
consumption in the on-chip local-oscillator (LO) distribution
network motivates research to reduce this component of power
consumption. In the lower frequency RF band direct conversion
has evolved as the architecture of choice for highly integrated
low-power systems, where the LO drives only a single set
of quadrature mixers. In mm-wave band transceivers, such
as an N-element direct conversion phased-array transceiver,
the LO distribution power associated with driving N quadra-
ture mixers could be equivalent, if not more than the signal
path power. In contrast, a heterodyne architecture allows the
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Fig. 2. Block diagram of the ultra-wideband mm-wave receiver.

flexibility of significantly reducing the frequency of the LO
distributed throughout an /N-element array, which reduces the
power consumption associated with LO distribution. However,
this reintroduces the need for a wideband and low-power
intermediate-frequency (IF) stage which utilizes minimum sili-
con area.

This paper is organized as follows. Section II describes
the receiver architecture along with the main bandwidth bot-
tlenecks in the signal path. The design of a gain-equalized
transformer is described in Section III. Circuit implementation
details associated with this heterodyne receiver are discussed
in Section IV. Experimental results from a prototype test-chip
and comparison with other prior-art high fBW receivers are pre-
sented in Sections V and VI, respectively. Finally, this paper
concludes with some summary comments in Section VIIL.

II. RECEIVER ARCHITECTURE

The block diagram of the receiver is shown in Fig. 2. The
signal-path implemented on-chip includes a single-ended mm-
wave input, an on-chip transformer-based matching network,
a three-stage differential LNA, a double-balanced mm-wave
active-mixer, a two-stage IF-amplifier, and an IF-mixer. The
LO-path implemented on-chip includes an injection-locked
divide-by-2 circuit and LO buffers.

The first mixer is driven by a 20 GHz LO, while the sec-
ond mixer utilizes a 40 GHz LO. When the receiver is extended
to phased-array systems, the single-phase differential 20 GHz
LO will be distributed across the chip, while the quadrature
40 GHz LO feeds only a single set of I/Q mixers. While a
heterodyne receiver has the advantage of scaling down the LO
frequency for the first set of mm-wave mixers, a new challenge
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Fig. 3. (a) Magnetically coupled resonant tanks. (b) Electrically coupled
resonant tanks. (c) Electrically and magnetically coupled resonant tanks.

is introduced at the IF stage for ultra-wideband systems. With
an input signal bandwidth of 20 GHz, the front-end requires
an fBW of at least 33%. However, when this 20 GHz signal
is frequency-translated to an IF centered at 40 GHz, the IF
amplifiers would require a fBW of 50%. This challenge pro-
vides an interesting opportunity for innovation to realize a very
broadband multiresonant response.

A parallel R-L-C circuit is a common resonant-load
employed in traditional narrow-band amplifier design.
However, to extend a similar structure for wideband circuit
design is challenging as the only variable available to the
designer is to reduce the quality factor (Q)) of the resonant-
tank. Distributed amplification is another popular approach
for wideband design. Fractional bandwidths exceeding 75%
have been achieved using a distributed-amplifier (DA)-based
band-pass amplifiers [14]; however, the band-pass filters
require an input/output termination impedance of 50 €2 to allow
a practical, small area solution. Thus, DAs are suboptimal for
use as an IF-stage in a heterodyne receiver. For the wideband
mm-wave receiver described in this paper, multiple stages
both at the front-end and IF must be presented with a wide
bandwidth load. Higher order load networks using coupled
resonant-tanks can provide a wideband frequency response; the
details of using a combination of magnetic and electric cou-
pling to realize a “gain-equalized” transformer are described in
the following section.

III. GAIN-EQUALIZED TRANSFORMERS

Three mechanisms for coupling tuned resonant tanks—
magnetic, electric, and combination of magnetic and electric—
are shown in Fig. 3. For each structure, the parameter of interest
is the trans-resistance Z, where Z is the ratio of the output
voltage (voy) to the input current (zj,).
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TABLE 1
PARAMETER VALUES IN CANONICAL EXPRESSIONS FOR MAGNETIC,
ELECTRICAL, AND MAGNETIC + ELECTRICAL COUPLING

Magnetic Electrical Magnetic + electrical
coupling coupling coupling
@ 1 1 11
JLA = k)C VIC VLC /1 + k,,
@n2 ! ! 1 [1-k,
VLA + kpn)C JL(C+CY) Vic J1=k,
Q
1 1L = kp) 1L 1L + k)
R C RC R c
Q 1 |L(1+ky) 1/ L 1 L1 = kn)
R C R.|C+C, R, C+C(C,

A. Magnetically Coupled Resonant Tanks

The circuit diagram of two magnetically coupled resonant
tanks is shown in Fig. 3(a). The finite @) of the inductor is
modeled by a series resistance RR. Using node-analysis, the
trans-resistance can be shown as

U,
|Zyc (s)] = ==
Lin

sk, L

T {1+ sCR+ s?LC(1 — km M1 + sCR + $2LC(1 + km)}

ey

Equation (1) can also be expressed in the canonical form (2),
where the variable values are shown in Table I:

Wni
Qun G-
wn12+8%+32 wn12+s%+32

Z]uc(s) = SLk'm{

The two magnetically coupled second-order tanks (each with
a self-resonant frequency w,, and ()) exhibit a trans-resistance
with two natural resonant frequency peaks, at w,1 and wy2.
Assuming ) > 5, and k,,, > 0.6, it can be shown that Z ;¢ (s)
simplifies to

‘ 1L(1+kE,
Z]VIC(Jw)w:wnlywn‘Z = 5%

While the transresistance of magnetically coupled tanks
at the natural resonance frequencies can be mathematically
derived, a more intuitive interpretation follows by consider-
ing the terms (1 and (5. Due to the magnetic coupling, the
effective inductance at w,; changes from L to L (1 — k,,).
Therefore, effective @ of the inductor changes to

w1 L (1 — k) 1 /L(1—ky)
Qtlomwn == "RV @

3)

= Q1.
“4)

The equivalent parallel load resistance due to a single LC
tank at the frequency w,,; can be computed using the standard
series-to-parallel impedance transformation

Ric = (14+Q1°) R~ Q:’R. )

Vout ..
.—(lw)|
lin
__/ H Freq
Wn2 Wn1
(@)
Vout .
)
lin
Freq
Wn1 () Wn2

Fig. 4. (a) Trans-resistance of a magnetically coupled (MC) and electri-
cally coupled (CC) resonant tank. (b) Trans-resistance of a gain-equalized
transformer.

Finally, since there are two resonant tanks, the effective trans-
resistance is the parallel combination of two resistors of value
Rpc which gives

. 1
200 (j0) s, | = 517 R- (6)

The trans-resistance obtained by the intuitive approach (6)
agrees well with (3).

Peak splitting in magnetically coupled resonant tanks is
achieved by increasing the mutual-inductance or magnetic-
coupling coefficient (k,, ) between the resonant tanks. However,
from (3), ZMC(jW)w:wm’ and ‘ZJVIC(jw>w:wn1‘ are only
equal if k,,, = 0. Thus, as shown in Fig. 4(a), peak-splitting
based solely on magnetic coupling exhibits an inherent ampli-
tude mismatch.

B. Electrically Coupled Resonant Tanks

The trans-resistance of electrically coupled resonant-tanks,
shown in Fig. 3(b), is given by

|Zcc (s)]
1 sCo(sL + R)?
- 2{s2L(C. + C) + sR(C. + C) + B{s2LC + sRC + 1}’

(7

The values of w,1, wye, @1, and Q2 from the equivalent
canonical form are given in Table I. The spacing between the
two resonant peaks can be increased by increasing the value of
the coupling capacitance C'.. In contrast to magnetically cou-
pled resonant tanks where the location of both poles w,,; and
wpa changes, electric-coupling only moves the location of one
pole w2, while w,,; remains fixed. However, it is interesting to
note that in terms of the parameters ()1 and (), the expressions
for the trans-resistance of electrically coupled and magnetically
coupled tanks are identical:

_ 1 11 L

|Zoc(i@)uman] = 3Q°R= 3557 ®
. 1 11L

|200(0)um,| = 3@ R = 512 ©

From (8) and (9), peak-splitting based solely on electric-
coupling also exhibits amplitude mismatch.
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Fig. 5. (a) LC load. (b) Magnetically coupled transformer. (¢) Gain-equalized transformer. (d) Comparison of the trans-resistance of circuits a, b, c.

C. Electrically and Magnetically Coupled Resonant Tanks

The amplitude mismatch in magnetically/electrically cou-
pled resonant tanks relates to the dependence on a single
coupling variable, k,, (magnetic-coupling coefficient) or k.
(electric-coupling coefficient), where

N C,+Cy

Unequal peaks were identified as a problem for resonant-
mode-switching-voltage-controlled oscillators by Li et al. [15].
To overcome this limitation, they proposed to introduce a
capacitance across the windings of a transformer. The result-
ing structure, shown in Fig. 3(c), has two independent design
parameters, k,, and k., and a trans-resistance Zy;o—cc ($),
defined in (11).

It can be observed that in the two limiting cases k,, =0
and C. = 0, Zpro—cco (s) simplifies to Zyse (s) and Zee (s),
respectively. Equation (11) can be expressed in the canonical
form (12) with the values provided in Table I [(11) and (12) are
shown at the bottom of the page].

Similar to magnetically coupled, and electrically coupled res-
onant tanks discussed in previous sections, the trans-resistance
of resonant-tanks with both magnetic and electric-coupling
at the natural resonant frequencies w,; and w,2 can be
described by

ke (10)

. 1 11L(1—
‘Z(jw)w:wnl‘ = §Q12R — ¥

2R C+C. (13

11 L(1+ k)

. 1
209 mae = 53R = 55—

(14)

From (13) and (14), the upper and lower resonant peaks will
be equal (hence the name gain-equalized transformer) if

ke = =2k / (1 — k) - (15)

Equation (15) is a key result. For a given magnetically cou-
pled tank, the idea is to introduce a capacitor C. such that (15)
is satisfied. The expected trans-resistance is shown in Fig. 4(b).
An important point to note is that k. (defined in (11)) is bound
between 0 and 1. Therefore, in order to satisfy (15), k,,, has to
be negative. In other terms, the cross-coupling capacitor must
be connected across the transformer terminals with negative
magnetic-coupling coefficient.

D. Design Example

To provide further insight into the design of gain-equalized
transformers, consider the three circuits in Fig. 5(a)—(c). For
ease of elucidation, the Zoyr of the driver stage and Zn of the
load stage have been assumed to be 750 €2 with a capacitance of
approximately 30 fF. The goal is to design a wideband resonant
load for the amplifier to operate at 60 GHz, where the metric of
comparison is trans-resistance.

The design of the shunt-LC load is straightforward. To res-
onate the 60 fF capacitance on the output node at 60 GHz, an

Zyc-co (s) = [

Zyo—cc (8) = wn1’wna

52+52f‘+wn£][§‘+5%f”+wnf

$% {sL (1 — km) + R} {sL (1 + ky,) + R} + sLky, .
PL(Cot C) (1= k) +5(Cot C)R+1][s2LC (1 + Fipg) + sCR+ 1] (i
58S {SL (1 — k) + R} {sL (1 + k) + R} + sLkyy, (12)
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Fig. 6. Layout used to model one of the gain-equalized transformer in HFSS.

inductance of approximately 100 pH is required. Assuming a
@ of 7.5, the resulting trans-resistance is plotted as a function
of frequency in Fig. 5(d). An increase in the bandwidth (and
reduction in trans-resistance) can be obtained by reducing )
of the LC load. Next, to widen the bandwidth, consider mag-
netically coupled resonant tanks in Fig. 5(b). The total output
capacitance is split into two equal components of 30 fF each,
and therefore, each inductor can be doubled to 200 pH. For
a fair comparison, the inductor () is kept the same. As k,,
increases, the location of the poles at w,,; and w2 will follow
the results described in Table I. From the frequency response
with k,,, = 0.4, shown in Fig. 5(d), one observes that the ampli-
tude mismatch in the resonant peaks limits the 3 dB bandwidth
of the overall frequency response.

To equalize the first and second peaks, electric-coupling is
introduced between the magnetically coupled resonant tanks.
For a fair comparison between the circuits in Fig. 5, inductors
of equal value and () have been utilized. Moreover, to ensure
the resonant peaks occur at same frequency for circuit-b, k,,, =
—0.2. From (15), it follows that for gain-equalization, k. = 1/3
is required. The trans-resistance, or effectively the gain of each
circuit, is plotted in Fig. 5(d). The gain-equalized transformer
has equal trans-resistance at the even- and odd-order resonant
peaks and therefore achieves a trans-resistance bandwidth of
the 33 GHz.

To further illustrate the procedure to design wideband ampli-
fiers using the gain-equalized transformers, consider the model
of the gain-equalized transformer shown in Fig. 6. To create
a reference design, the model is first simplified by removing
the coupling capacitors. An electromagnetic (EM) simulation
is performed to generate the transformer’s S-parameters. Based
on the S-parameters, the lumped element model shown in
Fig. 3(a) is extracted to estimate C' and k,,. Coefficient k.
can be calculated from (15). Based on the additional capaci-
tance required to tune the transformer for the correct operating
frequency, k. can be used to estimate the coupling capacitor
from (10). Finally, the coupling capacitors are added to the
EM model, and the S-parameters are again generated. With all
conditions being equal, the frequency response of a mm-wave
amplifier loaded with the 1) normal transformer and 2) gain-
equalized transformer is plotted in Fig. 7. The observation can
be made that equalizing the gain of the even and odd-order
peaks in the load results in an increase in the 3 dB bandwidth
of the amplifier.

30

With gain equalization

20[e

1] SRR

Gain (dB)

No gain equalization

40 50 60 70 80
Frequency (GHz)

Fig. 7. Gain versus frequency plot of the mm-wave LNA with and without
gain-equalization on the transformer load.

E. Physical Implementation

The primary and secondary windings of the transformer
are designed in the top two metal layers. The mutual mag-
netic coupling between the windings of the lateral transformer
is controlled by varying the degree of overlap. The cross-
coupling capacitors are implemented using metal-oxide-metal
(MOM) capacitors. To minimize the impact of process varia-
tion, minimum-sized capacitors were not used. In addition, each
capacitor is surrounded by floating dummy capacitors to mini-
mize abrupt metal density variation in the vicinity of the desired
cross-coupling capacitors. The cross-coupling capacitors were
included in the EM model to improve the simulation accuracy.

F. Limitations

In the proposed gain-equalized transformer, there is a trade-
off between 3 dB bandwidth and pass-band droop. In order to
increase the bandwidth (for a fixed center-frequency), the spac-
ing between the even- and odd-order resonance frequency is
made larger to increase the magnetic or capacitive coupling
between the resonant tanks. If () of the tank is fixed, then as
the even- and odd-order resonance frequencies move apart, the
droop increases.

IV. RECEIVER CIRCUIT DESIGN

An on-chip transformer-based balun was used to interface
the single-ended antenna with a differential LNA input. The
on-chip balun has a turns-ratio of 1:2 and provides a wide-
band impedance match with 6 dB of passive voltage gain. The
balun was simulated along with the input probe pads in a single
EM model (Fig. 8). The schematic for the three-stage LNA is
shown in Fig. 9(a). The first stage of the LNA is realized as a
common-source topology instead of a cascode topology to mit-
igate the effects of noise-figure degradation due to the cascode
transistor. To improve the reverse isolation, the LNA second and
third stages employ cross-coupled transistors for C' p neutral-
ization. Each stage of the LNA is loaded with gain-equalized
transformers (k,, = —0.16 and k. = 0.28). The LNA achieves
a gain of 18 dB while consuming 35 mA of current.
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Fig. 8. HFSS model with the GSG pad and the input balun.
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Fig. 9. Schematic diagram of (a) three-stage LNA and (b) mm-wave mixer,
two-stage IF-amplifier, and IF-mixer.

The schematic of the mm-wave mixer, [F-amplifier, and
IF-mixer is shown in Fig. 9(b). In the 60 GHz standard, the mm-
wave signal is composed of four channels of equal bandwidth.
Therefore, in a fixed IF architecture, as the signal progresses
from RF to IF, the absolute bandwidth of the signal reduces. In
contrast, in the ultra-broadband RFIC described in this work,
the goal is to downconvert the entire mm-wave bandwidth to
baseband. As a result of the absolute signal bandwidth remain-
ing fixed while the center-frequency reduces, the fBW of the
amplifiers increases from 29% at RF to 43% at IF. Higher fBWs
necessitates a lower loaded-Q in the IF-amplifier compared to
the LNA. Therefore, for the same current consumption, the gain
of the LNA is higher than the [F-amplifier.

The LNA drives a double-balanced active mixer, which con-
verts the 51-71 GHz mm-wave signal to an IF of 31-51 GHz
using a 40 GHz LO. The mixer has a conversion loss of 3 dB
while consuming 12 mA of current. Compared to the LNA, a
higher degree of peak-splitting is required to maintain a high
fBW through the IF-stage. As a result, the gain-equalized trans-
formers in the IF stage have coupling coefficients of k,, =
—0.24 and k. = 0.38. The IFA consists of a two-stage cas-
code amplifier and provides 5 dB of gain to compensate for
the loss of the mm-wave mixer. The IFA drives a single-phase
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Fig. 10. Schematic of the LO distribution network for both sets of mixers.
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Fig. 11. Power breakdown for the different circuit blocks.

IF mixer. For a complete transceiver solution, a quadrature IF
downconversion system is essential. However, the purpose of
this implementation was to demonstrate high fBWs, and only
one mixer of the I/Q downconverter was realized.

The schematic of the LO distribution network is shown in
Fig. 10. The 40 GHz LO for the IF-mixer was generated by
an off-chip signal generator that drives an on-chip balun. The
IF-mixer is driven by a cascode LO-buffer. The LO for the mm-
wave mixer is generated using an LC injection-locked divider.
A 20 GHz cascode buffer isolates the mm-wave mixer from the
injection-locked divider.

A breakdown of power consumption for the various receiver
blocks is shown in Fig. 11; note, the percentage power con-
sumption of the LO driver for the prototype receiver (one
element of the phased-array) is comparable to the power of the
IFA. If the receiver utilizes an N-element phased-array receiver
with LO phase-shifting/IF signal-combining, the IFA power is
fixed while the LO-power scales up by N2. The equal power
consumption of the IF-amp and the LO in the single-element
receiver is predictive of the overall power consumption of a
phased-array system, i.e., as the number of elements increases
so does the LO power. Eventually with enough elements, the
LO power consumption will dominate the total receiver power.
Therefore, architectures which focus on minimizing the LO-
distribution power are crucial for future phased-array mm-wave
transceivers.

Finally, it is important to note that approximating a true-time
delay (required for coherent signal combining) with a phase-
shift is valid only when the received signal has a small fBW.
The techniques proposed in this paper deal with ultra-wide
bandwidth signals. Therefore, to extend this work toward a
complete phased-array implementation, a thorough study of the
impact of the phase-shift approximation on the received signal
EVM [12] is required.
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Fig. 13. Receiver frequency response measured at the baseband output.
Referred to the receiver front-end, a gain of 20 £ 1.5 dB is maintained across
a 51-71 GHz bandwidth.

V. MEASUREMENT RESULTS

A die photograph of the prototype mm-wave receiver chip
fabricated in a 40 nm CMOS process is shown in Fig. 12. The
metal stack consists of a six standard metal layers, one ultra-
thick metal (UTM) layer, and one aluminum passivation (AP)
layer. The entire chip, including the mm-wave wafer-probe
pads, occupies an area of 0.8 mm x 1.5 mm. The core receiver
area, including the signal-path and LO-path, is 0.35 mm X
1.2 mm only.

The measured channel frequency response of the entire
receiver at the baseband output is shown in Fig. 13. The mm-
wave input spectrum is broken down into two components:
an upper-sideband (USB) extending from 60 to 70 GHz, and
the lower-sideband (LSB) from 60 to 50 GHz. At the out-
put of the receiver, both sidebands are downconverted to the
same baseband frequency (0—10 GHz). In the USB, the receiver
achieves a nominal power gain of 20 dB over a frequency range
of 60-71 GHz. In the LSB, the receiver achieves a nominal
power gain of 20 dB with £1.5dB of gain variation over a
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Fig. 14. Measured input matching, noise-figure, and input compression point.

frequency range of 51-60 GHz. The effective mm-wave band-
width of the receiver is from 51 to 71 GHz. In the passband,
the frequency response of the multistage receiver is flat and
now shows indication of ripples due to the staggered resonant
peaking of multiple gain-equalized transformers used along
the signal path. The minimum DSB noise-figure of the entire
receive-chain is 7.8 dB. The DSB-NF remains less than 9.3 dB
up to a frequency of 8 GHz. The noise-figure degradation at fre-
quencies greater than 8 GHz is attributed to the upper frequency
limit of the noise-figure measurement setup.

The receiver achieves an input-referred 1 dB compression-
point of —24dBm and is plotted versus frequency in Fig. 14.
The simulated group-delay across the entire receiver chain
varies from 250 to 100 ps. The entire chip consumes 104 mW
from a 1.1 V supply; this includes the power of the signal-
path and the LO distribution path. As mentioned previously,
the prototype receiver presented in this paper does not contain
an 1/Q IF-mixer. Based on the power breakdown in Fig. 11,
an additional 10 mW of power consumption was added to our
measured results to account for the extra quadrature-mixer that
would otherwise be needed in a full system. The reported power
per unit bandwidth is 115 mW/21 GHz or 5.5 pW/Hz.

VI. COMPARISON WITH PRIOR-ART

This mm-wave receiver utilizes multiple instances of gain-
equalized transformers, where the resonant-peaks of the mm-
wave front-end and IF-stage are staggered and tuned to achieve
a flat frequency response from the LNA input to the baseband
output. While the application of capacitive cross-coupling in a
transformer has previously been applied for a resonant-mode
switching-based oscillator design [15], this is the first use of
this technique for bandwidth extension in the signal path.

Innovative circuits and architectures aimed at capturing wide
bandwidths in the mm-wave spectrum have received consid-
erable interest over the past decade. The performance of this
prototype receiver is compared to other state-of-the-art imple-
mentations in technologies such as SiGe, BICMOS, SOI, and
standard CMOS in Table II. As described previously, direct
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TABLE II
COMPARISON WITH STATE-OF-THE-ART WIDEBAND RECEIVERS
[9] [16] [17] [18] This work
Tech 45-nm 130um 65nm 180nm 40-nm
SOI-CMOS | SiGe-BiCMOS CMOS BiCMOS CMOS
BEOL NA 6-metal 7-metal, 6-metal, 6-metal,
2UT™M 2UTM, 1Al 1Al 1UTM, 1Al
Architecture Heterodyne Direct Sliding IF Direct Heterodyne
conversion heterodyne conversion
Fore Fosr (GHz) NA 76, x 37.342.9 NA 20,40
18.6-21.9
RF-BW (GHz) 45-66 70-80 53-66 75-95 51-71
IF-BW (GHz) 1.2 45* X 31-51
BB-BW (GHz) NA 1.2* ~8 11 (USB)
9 (LSB)
Power (mW) 30 1801 612 2508 115
output buffer power not included (per element)
Gain (dB) 26.2 50 35.5 37 20
(voltage-gain)
NF (dB) >55 <7 5.6-6.5 <7 <93
iP1dB (dBm) =27 -51 -39 -35 -24
Group delay (ps) NA < 9ps (sim) NA NA 100-250 (sim)
BB amp only
VDD(V) 1.1 1.5,2.5,3.3 1-1.2 25 1.1
Area (mm?) 0.8 2.1 mm2 2.6 mm?2 344 1.2
(including pads)
FoM =—2*C__ (pW/Hz) 25 15 254 15.6 55
2 xBB—BW

+Target IF-BW listed in [17], BB-BW estimate based on the 60 GHz standard specifications.
LEstimated power of LNA, IQ-Mixer, baseband, % clock-tree based on this table [16].
2Estimated power of RX-front end, VCO, VCO buffers based on this table [17].

3Estimated per channel power based on Table I [18].
4 Area of the entire four-element phase-array chip.

5Added 10 mW to the measured power consumption to account for Q-mixer.

conversion as well as heterodyne architectures have been
explored. The receivers reported in [9], [16]-[18] have front-
end circuits with fBW of 13%, 21%, 23%, and 38%, respec-
tively. Among all the receivers, the prototype IC described in
this section has the highest baseband bandwidth, 11 GHz in the
USB, and 9 GHz in the LSB. It would be fair to note that the
ultra-wideband operation comes at the expense of the noise-
figure, e.g., the NF is degraded by 2.8 dB with respect to [17].

The figure-of-merit used for comparison with other reported
receivers is power consumption per unit Hertz. Power efficiency
is a strong function of the metal stack available in the process.
Therefore, the metal stack available in each process has been
included in Table II. This receiver consumes 115 mW of power
from a 1.1 V supply, while providing a flat conversion-gain
over an effective baseband bandwidth of (11 + 9)/2 or 10 GHz.
The receiver FoM of 5.5 pW/Hz is the lowest among all the
compared systems.

VII. CONCLUSION

This paper presents the design of an ultra-broadband het-
erodyne receiver intended for use in low-power phased-array
systems which contain a large number of elements. The device

occupies 1.2 mm? and exploits the properties of gain-equalized
transformers throughout the signal path to achieve an overall
flat in-band gain response of 20 dB across a 20 GHz bandwidth.
The receiver has a DSB NF of 7.8 dB and an input-referred
P_145 of —24dBm, while consuming 115 mW off a 1.1 V

supply.
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