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Abstract—A heterodyne receiver performs frequency down-
conversion in two steps to relax oscillator and divider speed
requirements. The receiver incorporates new concepts such as
a current-domain quadrature separation method, a broadband
Miller divider based on a passive mixer, and an inductor nesting
technique that signibcantly reduces the length of high-frequency
interconnects. Fabricated in 90-nm CMOS technology, the circuit
achieves a noise bgure of 6.9 to 8.3 dB from 49 GHz to 53 GHz
with a gain of 26 to 31.5 dB and I/Q mismatch of 1.6 dB/6.5
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Fig. 1. (a) Direct-conversion receiver and (b) its floor plan.

these challenges, we consider a direct-conversion receiver ar-
chitecture as a candidate. Shown in Fig. 1 along with its floor
plan, such an architecture incorporates at least two inductors in
the LNA, one in each mixer, two in the quadrature voltage-con-
trolled oscillator (VCO), and at least one in the frequency di-
vider. The dummy divider serves to retain the balance between
the I and Q outputs. The generation of I and Q phases of the LO
at 60 GHz entails two issues: (a) quadrature operation typically
degrades the phase noise considerably (because two core oscil-
lators consume power, they must operate away from resonance
frequency of the tanks, and they do not improve each other’s
phase noise) and (b) for reasons mentioned above, the compar-
atively low tank () results in serious design tradeoffs.

The second task, namely, LO frequency division, also proves
problematic in this architecture. Injection-locked and Miller di-
viders typically suffer from a narrow lock range if designed for
60 GHz (Section 1V).

The problem of LO distribution is also apparent from the floor
plan of Fig. 1(b). The quadrature outputs of the VCO must travel
a distance of d; to reach the I/Q mixer cores and ds to reach the
divider cores, thus experiencing significant loss and mismatch.
In fact, with no buffer following the VCO, the loss of these in-
terconnects also degrades the phase noise.

One may wonder if these interconnects can be realized as
low-loss T-lines having a controlled impedance and terminated
properly at the destination. Since the characteristic impedance
of on-chip T-lines hardly exceeds a few hundred ohms, such an
approach would load the VCO with a low resistive component,
drastically raising the noise floor or even prohibiting oscillation.
A buffer must therefore follow the VCO in this case.

The use of a VCO buffer is also required by another effect: in
a direct-conversion receiver, strong in-band interferers can leak
from the RF to the LO port of the downconversion mixers, thus
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Fig. 2. Receiver architecture.

Fig. 3. LNA implementation.

injection-pulling the LO in the absence of a buffer. However, the
use of a quadrature buffer in the architecture of Fig. 1 translates
to two additional inductors and much greater difficulty in floor
planning.

III. RECEIVER ARCHITECTURE

The issues described in Section II suggest that a receiver ar-
chitecture operating with lower LO frequencies is more desir-
able. It is possible to choose the LO frequency, fro, equal to
fn/2o0r f,/ , where f, is the received signal frequency, and
use frequency doublers or triplers to obtain the required value.
Unfortunately, if realized in CMOS technology, this type of
frequency multiplication suffers from small output swings and
hence a phase noise much higher than a factor of two or three.
Furthermore, I and Q separation after frequency multiplication
proves quite difficult.

Fig. 2 depicts the receiver architecture used in this work. In
a manner similar to that in [10], the receiver mixes the input
with a nominal LO frequency of 40 GHz, generating an inter-
mediate frequency (IF) of 20 GHz. The IF signal is then sep-
arated to quadrature phases and mixed with f1.0/2 to produce
the baseband outputs. With fr,o = (2/ )f ., an input band of
B requires an LO range of (2/ )B. Also, the image bandwidth
is equal to B/ . (It can be proved that if fro = «af ,, then the
image bandwidth is equal to (2« — 1) B.) (Due to device mod-
eling inaccuracies, the fabricated prototype yields a maximum
fLo = 5 GHz, allowing an input frequency of 53 GHz.)

The heterodyne architecture of Fig. 2 greatly simplifies the
three LO-related tasks mentioned in Section II: 1) generation oc-
curs at 40 GHz with no need for quadrature phases; 2) frequency
division also occurs at 40 GHz, permitting a broadband design
(Section IV); and 3) distribution of the differential 40-GHz LO
is much simpler than that of quadrature 60-GHz components.
Note that no LO buffer is necessary as interferers in the vicinity
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Fig. 5. (a) Current-domain quadrature separation. (b) Implementation in mixers. (c) Comparison with conventional quadrature mixers.

C. IF Mixers The second issue is that the right terminals ofand  ter-

As mentioned in Section I, the receiver performs quadratufginate into énite impedance , thereby generating animbal-
separation in the IF path rather than in the LO path so as to si#fice between and . Itcan be shown that such a termination
plify the design of the divider. Voltage-modRC-CRnetworks "esistance gives rise to a phase mismatch of and
are commonly used for quadrature generation, but they are f@-@mplitude mismatch of - This issue is addressed
damentally ill-suited to current-generating transistor stages aPRioW- o _
must often be preceded with voltage buffers. Furthermore, suct19- 6(2) shows the complete realization of the IF mixers. As
networks introduce a loss of at least 3 dB and sigant noise. N the RF mixer, the bl.as currents of the input transgonductance

This paper presents the concept of current-mode quadratdf¥ices ~ areisolated from those of the switching de-
separation as a technigue that can readily follow voltage-to-clffces- Capacitors and  are added so as to suppress the

rent converter devices. Consider the network shown in Fig. 5(4jioalance resulting from  in Fig. 5(b). lllustrated in simpli-
where ped form in Fig. 6(b), the idea is to rotate each component with

the aid of the complement of its quadrature phase. For example,
(1) couples a fraction of to  and vice versa, rotating them
toward each other. Simulations indicate that the baseband phase
mismatch and gain mismatch drop by 2&nd 2.5 dB, respec-
) tively, after and are inserted.
The quadrature balance in the IF mixer is somewhat process-
and temperature-dependent, both because the product
may vary (as in voltage-mode@C-CRnetworks) and because
the correction provided by and  assumes tracking be-
tween and . These dependencies as well as random
rather than by the quadrature phases of .4 mismatches dictate 1/Q calibration for high-order modulation

_ Incontrast to voltage-mode RC-CR networks, thislgura- - gchemes such as 16QAM and 64QAM task necessary even
tion, in principle, suffers from no signal loss. This can be unz 5-GHz transceivers [14].

derstood with the aid of the conventional topology shown in 14 circuit of Fig. 6(a) draws a total supply current of 13 mA

Fig. 5(c), which is constructed so as to exhibit the same inpyihiie providing a voltage conversion gain of 12 dB with a noise
capacitance as the circuit in Fig. 5(b). We note that this topolo%ure of 14 dB.

too feeds a current of to each switching pair. That is,
notwithstanding the parasitics of and , the addition ofthe D. Frequency Divider

c.urrenttmode phase separation circuit does p_ot alterthe COMVeLhe divide-by-two circuit in the architecture of Fig. 2
siongainfrom to or . (The parasitic capacitances.

of and fF amount to about 4 fF, intro- is driven by the 40-GHz LO while driving the two IF

ducing an impedance of 2 at 20 GHz and hence negligiblymlxers_' .AS su?h, th_e divider must s_at|sfy ratiit require-
) . ments: it must: 1) drive a total capacitance corresponding to
impacting the performance.)

. ) S . . . . m m while presenting a small capacitance
Two issues in the circuit of Fig. 5(b) merit conS|derat|ont.O the LO; 2) provide relatively large output swings to effect
First, the thermal noise of does corrupt the IF current. It can <) P y 1arg P 9

be shown that the noise current of splits equally between abrupt switching in the IF mixers; 3.) emplo_y ho m_put or ouj[put
and  at " With the cor- buffers as such buffers would require additional inductors; and

ruption reaches 3.2 pA Hz. Dividing this value by 4) use no more than one inductor to allow a reason8bler

" we obtain an input-referred component equal t8Ian. The last condition rules out the possibility of quadrature

. o g . outputs.
1.3 nV  Hz, which is negligible with respect to the output Since injection-locked dividers suffer from a narrow lock

noise of the LNA/mixer cascade. ; . . . X
range, posing a risk to the overall receiver, a Miller regenerative
4.0 denotes the second LO, namely, the output of the divide-by-two circutopology was adopted. Shown in Fig. 7 along with the LO, the

Itfollowsthat and bearaphase difference of 9ét all fre-
guencies and exhibit equal amplitudes at .
The IF mixers can thus be cbgured as depicted in Fig. 5(b),
where the switching devices are simply drivenby and
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Fig. 8. Simulated (a) lock range, and (b) phase noise of divider.

(and at node @) is periodically switched between X and Y, in-
troducing an equivalent resistance between these nodes. Due to
the resistive loading, the basic amplifier consisting of M5 — Mj
and L; — Lo provides only a moderate gain and hence a narrow
lock range. The addition of the cross-coupled pair raises the gain
by 8 dB while avoiding self-oscillation. (The robustness of this
approach was later assessed by varying the supply voltage of
the fabricated receiver from 1.2 V to 1.8 V and observing no
failure.)

Producing a differential peak-to-peak output swing of 2.5 V
with a supply current of 14 mA, the divider drives a load of
W/L =4 pm/ .1 pm while presenting a capacitance equiv-
alent to W/L = 12 pm/ .1 pm to each phase of the LO. Note
that, even if more inductors are allowed, Miller dividers cannot
easily generate quadrature outputs—especially if a wide lock
range is desired. The LO draws 8§ mA.

Fig. 8(a) plots the required peak-to-peak single-ended LO
swing for proper divider operation as a function of the LO fre-
quency. With a swing of about 1 V,, provided by the on-chip
oscillator, the divider achieves a lock range of 31.5 to 45.5 GHz.

Fig. 8(b) depicts the simulated phase noise of the divider with
an ideal input sinusoid at 40 GHz, revealing values well below
the phase noise of oscillators. This profile rises by about 7 dB
as the circuit operates near the edges of the lock range. It is
interesting to note that the output phase noise is dominated by
the flicker noise contribution of the passive mixer switches for
offset frequencies up to 100 MHz. Owing to the large signal
excursions at their drain and source terminals, these transistors
remain in the saturation region for about 30% of the LO cycle,
thus generating significant flicker noise. Also, the 10-dB/dec
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Fig. 9. Receiver floor plan.

roll-off suggests a simple upconversion of this noise rather than
frequency modulation by it. Indeed, a hard limiter following the
divider shifts the profile down by about 5 dB, confirming that
the flicker noise introduces mostly amplitude modulation.

V. RECEIVER FLOOR PLAN

While affording lower operation frequencies for the LO and
the divider, the heterodyne architecture used in this work still
incorporates nine inductors. The floor plan of the receiver must
therefore be designed carefully so as to minimize the length of
60-GHz interconnects, possibly sacrificing those at 40 GHz, and
the length of 40-GHz interconnects, possibly sacrificing those at
20 GHz. The critical interconnects include both signal lines and
ground return paths, especially for the single-ended front end.

The LNA of Fig. 3 employs four inductors whose outer di-
mensions lie in the range of 40 pm to 100 pm. If placed side by
side, these structures result in 60-GHz interconnects as long as
70 pm. This length should be compared, e.g., to the total length
of the degeneration inductor Lo (& 125 pm) to appreciate its
relative significance.

This paper introduces “nested inductors” [16] as a means of
shortening high-frequency interconnects. Illustrated in the floor
plan of Fig. 9, the idea is to place L, inside L, and L3 inside
L4, thereby confining all but one of the 60-GHz interconnects
to the gray region. (The input signal is applied through a GSG
pad frame on the left-hand side and carried over a microstrip to
the LNA input.) The magnetic coupling that results from nesting
gives rise to a mutual coupling factor of about 0.2, altering the
input match and the transfer function slightly if the polarity of
the coupling is chosen properly. The inductor values are then
adjusted to recenter the matching and resonance characteristics.
Fig. 10 quantifies these concepts by plotting the simulated S
with no coupling and original choice of L; and Ls, and with a
coupling factor of 0.17 and adjusted values of the two inductors.
(Field simulations suggest negligible change in the @ as a result
of nesting.)

The only 60-GHz line that travels outside the gray region
in Fig. 9 corresponds to the connection to Lj in the mixer of
Fig. 4(c). Operating as a high impedance, L5 plays a less crit-
ical role than L1, Lo, and L4 in the LNA. Nevertheless, the value
of L5 is chosen less than the required amount to account for the
interconnect inductance.
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Fig. 10. Simulated 1, for 0 and 017.

Fig. 11. Receiver die photograph.

The ground return paths for the LNA and the input stage of
the mixer are provided through the gray region in Fig. 9. With
lengths and widths of about 20 m and 5 pm, respectively, these
paths incur a parasitic inductance of approximately 10 pH. The
bypass capacitors (C7 and C5 in Fig. 3) are placed atop the input
ground plane to minimize their series inductance.

The remaining inductors naturally fall into the places de-
picted in Fig. 9. Worth mentioning is that L1, must be located
far from the LNA input inductors so that the LO coupling does
not desensitize the LNA.

VI. EXPERIMENTAL RESULTS

The receiver has been fabricated in 90-nm digital CMOS
technology and tested on a high-frequency probe station.
Fig. 11 shows the die photograph, indicating an active area of
approximately pm X 5 pm. Due to modeling inaccura-
cies of the LO inductor and possibly transistor capacitances,
the LO operates at a maximum frequency of 35 GHz. The
receiver has thus been characterized for an input frequency
range of 49 to 53 GHz. The LO does not incorporate varactors.
Thus, to allow characterization of the receiver for a meaningful
input frequency range, the LO frequency is varied by varying
its supply voltage and also placing an external conductive plate
atop the LO inductor [17].
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Fig. 13. Measured compression behavior of the receiver.

Constructed around a probe station, the test setup applies an
input through a coplanar waveguide probe from either an Agi-
lent V-band signal generator (85100V) or a Noisecom V-band
noise source to the device under test. The baseband output is
monitored on a spectrum analyzer (for gain and image mea-
surements), an oscilloscope (for phase/gain mismatch measure-
ments), or an Agilent noise figure meter (8970B). The loss of
the input probe ( ~ 1 dB) is taken into account.

Fig. 12 plots the measured noise figure and voltage gain of
the circuit. The maximum noise figure is about 2 dB higher than
expected and the gain about 5 dB lower than expected. This is
attributed to the lower-than-expected () of the inductors used in
the LNA. Fig. 13 plots the compression behavior of the receiver,
revealing a 1-dB compression point of about —25.5 dBm. Sim-
ulations indicate that the compression occurs at the output of the
IF mixers.

Shown in Fig. 14 is the image rejection ratio (IRR) across the
image band. (As explained in Section III, the image band is 1/3
as wide as the signal band in this architecture.)

Fig. 15(a) plots the gain and phase mismatch measured in the
baseband and Fig. 15(b) shows typical waveforms in response
to a sinusoidal RF signal. It is observed that the current-mode
quadrature separation and the additional correction technique
illustrated in Fig. 6(b) provide reasonable I/Q balance.

Fig. 16 shows the measured phase noise of the divider as
observed at the baseband output. The phase noise reaches
—101 dBc/Hz at 1-MHz offset, indicating an LO phase noise
of about —95 dBc/Hz.
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TABLE I
RECEIVER PERFORMANCE SUMMARY

Receiver in [17] Receiver in [18] This Work
Noise Figure 5-6.7 dB 10.4 dB 6.9-8.3dB
Voltage Gain 38-40 dB 11.8 dB 26-31.5dB
Frequency Range 58-64 GHz 57-63 GHz 49-53 GHz
1-dB Compression Point —-36 dBm -15 dBm -25.5 dBm
LO Leakage to Input NA NA =47 dBm
Image Rejection ratio 30dB NA 44.5 dB
1/Q Mismatch 1dB/4° NA 1.6 dB/6.5°
ch@ﬁh_a;ﬁfgﬁ:et -90 dBc/Hz -86dBc/Hz  -95 dBc/Hz
Power Dissipation 450 mWw * 77 mW 80 mW
Supply Voltage 27V 1.2V 1.8V
Active Chip Area NA ~3 mm? 0.15 mm?
Technology 200-GHz BiCMOS  0.13-um CMOS 90-nm CMOS

* This value excludes the synthesizer power dissipation.
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Table I compares the performance of this receiver with the
60-GHz BiCMOS receiver reported in [18] and the 60-GHz
CMOS receiver described in [19].6

VII. CONCLUSION

Today’s development of 60-GHz CMOS transceivers is rem-
iniscent of the challenges that faced 5-GHz wireless LAN cir-
cuits in the late 1990 s: the intrinsic speed of the then-available
transistors was inadequate, and no significant commercial value
had been identified. Nonetheless, if 60-GHz transceivers follow
the fate of their 5-GHz counterparts, both of these issues will be
resolved in the near future.

This paper contends that heterodyne transceivers better lend
themselves to integration at millimeter-wave frequencies than
direct-conversion architectures do. Proposing various circuit
techniques such as capacitively coupled active mixers, current-
domain quadrature separation, and a Miller frequency divider

6While designed for a supply voltage of 1.2 V, the prototype had to be tested
with Vpp = .8 V because the IF mixer loads resistors had erroneously been
laid out with twice the nominal value and hence would drive the mixer transistors
into the triode region at the nominal supply voltage.



RAZAVI: A MILLIMETER-WAVE CMOS HETERODYNE RECEIVER WITH ON-CHIP LO AND DIVIDER 485

using a passive mixer, this work demonstrates the highest level16] B. Razavi,&CMOS transceivers for the 60-GHz badih RFIC Symp.
i i illi _ i Dig. Tech. Papers2006, pp. 236234.
of integration for CMOS millimeter-wave receivers. [17] 3. Rogers and J. Long 10 Gbis CDR/demux with.C delay line

VCO in 0.18- m CMOSQIEEE J. Solid-State Circuitsvol. 37, no.
ACKNOWLEDGMENT 12, pp. 17891789, Dec. 2002.

The author wishes to thank Srikanth Gondi, Ashutosh Verma, [18] B.Floydet al, O\ 60-GHz receiyer and transmitter chip set for broad-
band communications in silicddin IEEE ISSCC Dig. Tech. Papers

and Ali Parsa for layout. 2006, pp. 188185.
[19] S. Emamiet al, O\ highly-integrated 60-GHz CMOS front-end re-
REFERENCES ceiverQin IEEE ISSCC Dig. Tech. Paper2007, pp. 198191.
[1] B. Razavi,OA 60-GHz CMOS receiver front e@lEEE J. Solid-State
Circuits, vol. 41, no. 1, pp. 1222, Jan. 2006. Behzad Razavi(MB8ESM@IEFD?2) received the
[2] C. H. Doanet al, O\ 60-GHz downconverting CMOS single-gate B.S.E.E. degree from Sharif University of Tech-
mixerQOin RFIC Dig. Tech. Paper2005, pp. 16B166. nology, Tehran, Iran, in 1985, and the M.S.E.E.
[3] D. Huanget al, G\ 60 GHz CMOS VCO using on-chip resonator with and Ph.D.E.E. degrees from Stanford University,
embedded articial dielectric for size, loss, and noise reduct®im, Stanford, CA, in 1988 and 1992, respectively.
IEEE ISSCC Dig. Tech. Paperg006, pp. 318815. He was with AT&T Bell Laboratories and
[4] K. Yamamoto and M. Fujishim&¥0-GHz CMOS harmonic injection- Hewlett-Packard Laboratories until 1996. He was an
locked dividetQin IEEE ISSCC Dig. Tech. Paperz006, pp. 608601. Adjunct Professor at Princeton University from 1992
[5] T. Yao et al, B0-GHz PA and LNA in 90-nm RF CMOSjn RFIC to 1994, and at Stanford University in 1995. Since
Dig. Tech. Papers2006, pp. 14150. 1996, he has been Associate Professor and subse-
[6] B. Razavi, A millimeter-wave CMOS heterodyne receiver with quently Professor of electrical engineering at the
on-chip LO and divide®in IEEE ISSCC Dig. Tech. Paper2007, pp. University of California at Los Angeles. He is the authoRsinciples of Data
1880189. Conversion System DesigiEEE Press, 1995RF MicroelectronicgPrentice

[7] H. Samavati, H. Rategh, and T. H. Le® 5-GHz CMOS wireless Hall, 1998) (translated to Chinese and JapaneBe¥ign of Analog CMOS
LAN receiver front end)IEEE J. Solid-State Circuitssol. 35, no. 5, Integrated CircuityMcGraw-Hill, 2001) (translated to Chinese and Japanese),

pp. 765772, May 2000. _ Design of Integrated Circuits for Optical Communicatio(@cGraw-Hill,
[8] B. Razavi,QA 5.2-GHz CMOS receiver with 62-dB image rejection, 2003), and~undamentals of Microelectronig®Viley, 2006), and the editor of
in Symp. VLSI Circuits Dig. Tech. Pape000, pp. 3887. Monolithic Phase-Locked Loops and Clock Recovery Circ(IEEE Press,

[9] S.-S. Songt al, GRF modeling of an MOS varactor and MIM capacitor1996), andPhase-Locking in High-Performance Systeffi&EE Press, 2003).
in 0.18- m CMOS technolog)J. Korean Physical Societyol. 41, His current research includes wireless transceivers, frequency synthesizers,
pp. 92026, Dec. 2002. phase-locking and clock recovery for high-speed data communications, and
[10] A. Zolfaghari, A. Y. Chan, and B. Raza\i 2.4-GHz 34-mW CMOS data converters.
transceiver for frequency-hopping and direct-sequence applic&dions, Prof. Razavi served on the Technical Program Committees of the IEEE Inter-
in IEEE ISSCC Dig. Tech. Paperg001, pp. 418419. national Solid-State Circuits Conference (ISSCC) from 1993 to 2002 and VLSI
[11] S. A. Sanielevicet al, O\ 900-MHz transceiver chipset for two-way Circuits Symposium from 1998 to 2002. He has also served as Guest Editor
paging application®IEEE J. Solid-State Circuits/ol. 33, no. 12, pp. and Associate Editor of the IEEFURNAL OF SOLID-STATE CIRCUITS, IEEE
216(ER168, Dec. 1998. TRANSACTIONS ONCIRCUITS AND SYSTEMS, andInternational Journal of High
[12] M. Zargariet al.,, QA single-chip dual-band tri-mode CMOS transceiverSpeed ElectronicsHe received the Beatrice Winner Award for Editorial Excel-
for IEEE 802.11a/b/g wireless LARNEEE J. Solid-State Circuitsol.  lence atthe 1994 ISSCC, the Best Paper Award at the 1994 European Solid-State

37, no. 12, pp. 2232249, Dec. 2004. i Circuits Conference, the Best Panel Award at the 1995 and 1997 ISSCC, the
[13] B. Razavi,GA 900-MHz CMOS direct-conversion receiem Symp. TRW Innovative Teaching Award in 1997, and the Best Paper Award at the
VLSI Circuits Dig. Tech. Paperd 997, pp. 11B114. IEEE Custom Integrated Circuits Conference in 1998. He was the co-recipient of

[14] 1. Vassiliouet al, OA single-chip digitally calibrated 5.85.825-GHz  both the Jack Kilby Outstanding Student Paper Award and the Beatrice Winner
0.18- m CMOS transceiver for 802.11a wireless LANEEE J. Solid-  Award for Editorial Excellence at the 2001 ISSCC. He received the Lockheed
State Circuitsvol. 38, no. 12, pp. 22ZP231, Dec. 2003. Martin Excellence in Teaching Award in 2006 and the UCLA Faculty Senate

[15] J. Lee and B. RazawA 40-GHz frequency divider in 0.18m CMOS  Teaching Award in 2007. He was also recognized as one of the top 10 authors
technologyDIEEE J. Solid-State Circuits/ol. 39, no. 4, pp. 59601, in the 50-year history of ISSCC. He is an IEEE Distinguished Lecturer and a
Apr. 2004. Fellow of IEEE.



