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A Single-Ended Fully Integrated SiGe 77/79 GHz
Receiver for Automotive Radar

Li Wang, Srdjan Glisic, Johannes Borngraeber, Wolfgang Winkler, and J. Christoph Scheytt, Member, IEEE

Abstract—A single-ended 77/79 GHz monolithic microwave in-
tegrated circuit (MMIC) receiver has been developed in SiGe HBT
technology for frequency-modulated continuous-wave (FMCW)
automotive radars. The single-ended receiver chip consists of the
first reported SiGe 77/79 GHz single-ended cascode low noise
amplifier (LNA), the improved single-ended RF double-balanced
down-conversion 77/79 GHz micromixer, and the modified dif-
ferential Colpitts 77/79 GHz voltage controlled oscillator (VCO).
The LNA presents 20/21.7 dB gain and mixer has 13.4/7 dB gain
at 77/79 GHz, and the VCO oscillates from 79 to 82 GHz before
it is tuned by cutting the transmission line ladder, and it centres
around 77 GHz with a tuning range of 3.8 GHz for the whole
ambient temperature variation range from —40°C to 4+125°C
after we cut the lines by tungsten-carbide needles. Phase noise is
—90 dBc/Hz@1 MHz offset. Differential output power delivered
by the VCO is 5 dBm, which is an optimum level to drive the
mixer. The receiver occupies 0.5 mm? without pads and 1.26 mm?
with pads, and consumes 595 mW. The measurement of the whole
receiver at 79 GHz shows 20-26 dB gain in the linear region
with stable IF output signal. The input P,45 of the receiver is
—35 dBm.

Index Terms—Automotive radar, flip-chip, FMCW, LNA, micro-
mixer, MMIC, SiGe, VCO, 77/79 GHz.

I. INTRODUCTION

UTOMOTIVE radar products in W-band were developed

in GaAs technologies decades ago because of the excel-

lent performance of the technologies [1]-[6] etc. However, the
cost of long-range radar (LRR) and short-range radar (SRR)
electronics in GaAs technologies is too high to make it a com-
monly used security feature. Automotive radar is envisioned to
save lives, e.g. in conjunction with emergency braking support
in cars. In order to reduce the number of fatal accidents, consid-
erably lower-cost solutions are needed. Additionally, the radar
products should meet the ambient temperature in a wide range.
In this paper, we show a single-ended SiGe 77/79 GHz
automotive radar down-conversion receiver in low-cost SiGe
technology. The MMIC presented in this paper uses IHP’s
SiGe:C HBT self-aligned single-polysilicon BiCMOS tech-
nology with 0.25 pym minimum lithographic feature size and
four/five (optional) Al metal layers [7]. Collector emitter
breakdown voltage BV cgo is 1.9 V. The {1 and f,,,,5 are up to
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180 GHz and 200 GHz, respectively. The process is a low-cost
high-performance process with only 25 masks and maximum
reuse of CMOS process steps. The lossy substrate’s resistance
is 50 Qcm.

With this technology devices and transceivers at 60 GHz [8],
[9] and 77 GHz [10], [11] have been reported. The design of the
integrated SiGe 79 GHz radar receiver that is described in this
paper has been first presented in [11]. It builds on experience
and designs from previous work, such as differential SiGe low
noise amplifiers (LNAs) in common emitter topology with and
without emitter degeneration at 60 GHz in [8] and [9], respec-
tively, a single-ended cascode SiGe 77 GHz LNA with inductive
degeneration [12], a single-ended cascode SiGe 77 GHz LNA
without inductive degeneration [10], a differential 77 GHz SiGe
Gilbert mixer [15], and an alternative 77 GHz mixer design [13]
which uses the so-called “micromixer architecture” [14].

Typically a 77 GHz radar front-end uses a single-ended
antenna, while the RF front-end should nevertheless yield a
differential signal at its output. Due to this fact a part of the
front-end will be operated with unbalanced and a part with
balanced signals. There are three common types of combi-
nation of single-ended or differential LNA with single-ended
or differential mixer. The first is a single-ended LNA and a
single-balanced mixer. The second is a differential LNA and
differential down-conversion mixer that requires an input balun.
The third is using transformers/baluns between single-ended
LNA and differential mixer. The mixing performance of a
single-balanced mixer is worse than that of a differential mixer.
The drawback of using transformers/passive baluns is larger
chip area and degraded noise figure (NF) due to introduced
loss. A differential LNA roughly doubles power consumption
and chip area compared with a single-ended LNA. Therefore in
this paper, we show a single-ended SiGe 77/79 GHz automotive
radar receiver consisting of a single-ended cascode LNA, a
single-ended double balanced micromixer and a differential
Colpitts VCO. The comparison with the state-of-art shows
excellent performance in 0.25 pym SiGe technology.

II. CIRCUIT DESIGN

This section discusses three major structures of radar
down-conversion receiver and derives a suitable architecture
consisting of a three-stage LNA, an active down-conversion
micromixer, and a Colpitts VCO. These key building blocks
are designed and implemented.

A. Structure of Receiver

Three different structures of receiver front-end of the radar
system are depicted in Fig. 1. The LO signal and the received
signals are in 77 GHz bandwidth range; the modulated output
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Fig. 1. Three structures of the radar receiver front-end. (a) Schottky diode down-conversion mixer. (b) With one-stage RF LNA. (c) With two-stage RF LNA.

TABLE 1
SUMMARY OF TECHNICAL DATA FROM DIFFERENT STRUCTURES
Structure Gain (dB) Noise Figure (dB)
(a) -8 18
(b) 7 8.5
(c) 22 7

intermediate frequency (IF) is between 50 MHz and 1 GHz.
These structures are based on the commercially available GaAs
MMIC.

For structure (a), a balanced Schottky diode down-conver-
sion mixer (UMS CHM2179) is adopted. The achievable NF and
conversion loss are around 18 dB and 8 dB, respectively. This
structure features low NF especially at very low IF frequencies,
and is the simplest structure. In structures (b) and (c), one-stage
and two-stage RF LNAs are added for comparison. The RF LNA
(UMS CHA 1077) shows 15 dB gain and 4.5 dB NF. Then cal-
culating the gain and NF of the whole receiver link with Friis’
formula, we get a comparison listed in Table I. From the anal-
ysis above, we could find that the additional stage of LNA in
structure (b), compared with structure (a), improves the NF due
to the dominance of LNA’s NF in the whole link. Furthermore,
additional LNA in structure (c), compared with structure (b), de-
creases the NF and increases the gain further.

Structure (a) realizes the simplest approach for the receiver
unit. Compared to the other two structures it is advantageous
in terms of packaging, since only one bare mixer die is con-
nected to the RX-antenna. However, to achieve better NF and
gain performance for receiver MMIC, we choose structure (c)
consisting of a multi-stage LNA and mixer for the 77 GHz re-
ceiver front-end in our work.

The adopted radar front-end structure is shown in Fig. 2. The
receiver part is marked in the dashed block. Due to limitation
of the Schottky diodes mixers of this technology in W-band,
we designed an active micromixer in the receiver path, and in-
cluded a three-stage cascode LNA preceding it to provide gain
and dominate the system NF. Therefore the noise contribution
from the mixer has only little impact on the total receiver NF.
Design details of the key blocks will be elaborated in the fol-
lowing sections.

B. LNA

a) Topology: There are basically three structures (shown
in Fig. 3) that can be adopted in LNA design: common emitter
(CE), common base (CB), and cascode structure. In the cascode
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Fig. 2. Radar front-end structure adopted in this work.

configuration gain-bandwidth product is greatly improved due
to elimination of the so-called Miller effect. Additionally, the
cascode transistor increases the separation between the input
and output ports of the cascode amplifier compared to a single
CE amplifier thus improves reverse isolation. The improved iso-
lation decreases the LO leakage to the input port of LNA and
is beneficial with respect to the overall system performance.
Therefore cascode structure is adopted in our design. Of course,
since it includes more transistors than other structures, more
noise contributors are included, so the noise figure is the slightly
increased.

b) Circuit design: The single-ended LNA in cascode
topology is used in a three-stage cascade [11] taking the NF,
gain, and linearity into consideration, and a biasing network
(Fig. 4) that provides the appropriate bias currents and voltages
to the CE and CB transistors. MIM capacitors not only act
as DC blockers at the input, output, and inter-stages, but also
construct the matching network. Microstrip lines are used in the
inductive load of each stage and the other matching networks.
The probe pad is modeled as a capacitor with top metal and
bottom metal as two plates in simulation.

For each stage of the LNA and the whole LNA circuit, the
stability is checked and guaranteed by simulating the Mu factor
and K factor. Mu factor is larger than 1 and K factor is larger
than O for frequency ranging from 0.1 GHz to 110 GHz shown
in Fig. 5(a) and (b). Additionally, the K factor is also guaran-
teed in temperature variation range from —40°C to +125°C in
simulation [Fig. 5(c)].
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(a) (b)

Fig. 4. One stage of three-stage cascode 77-79 GHz LNA.

The bias of the first stage is optimized to achieve minimum
NF from 77 GHz to 79 GHz, and the other inter-stages are
optimized to achieve maximum power gain. The optimization
of the input port impedance for the first stage of LNA takes
both the noise and power match into consideration, so that the
minimum noise figure and maximum power transfer can be
achieved simultaneously [Fig. 6(a)]. The output port is matched
to impedance of the following mixer.

Fig. 6(a) shows that the input port impedance and the op-
timum noise source impedance are both matched to 50 €2 be-
tween 77 GHz and 79 GHz. The total NF of the LNA is matched
to the NF,;,, as shown in Fig. 6(b). The S-parameter simula-
tion results will be compared with the measurement results in
Section III.

C. Mixer

a) Topology: Due to the limitation of diode mixers in the
available technology, we design an active mixer with gain and
acceptable noise figure. Because we have designed a single-
ended LNA for low power and small chip area, and we hope
to avoid a transformer or balun between LNA and mixer to save
chip area, therefore we adopt the single-ended RF double-bal-
anced micromixer [14] which provides a single-ended RF port
and differential LO port. We know that common base ampli-
fier is more linear than common emitter amplifier for current
amplification. Compared to the general Gilbert double-balanced
mixer which feeds the RF signal to the common emitter input
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Fig. 5. Stability analysis in simulation: (a) Mu factor of each stage and the
whole LNA; (b) K factor of each stage and the whole LNA; (c) K factor versus
temperature.

stage [15], the Gilbert micromixer has better linearity due to
its common base RF input stage [14]. Therefore, Gilbert mi-
cromixer is preferred to have a wider linear range for the re-
ceiver. However the structures proposed in [14] have limitation
for technologies with low breakdown voltages. Therefore a dif-
ferent structure was proposed in [13] which relaxes the limita-
tion and improves the linearity. The 77/79 GHz micromixer in
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TABLE II
COMPARISON OF PHASE AND AMPLITUDE DIFFERENCE IN ADS S-PARAMETER SIMULATION
Type (a) Type (b) Type (¢) Type (new)
(L(S2) - 2 (S31) © -122.436 -106.163 115231 -146.606
1211 - 15511 0232 035 0210 0.225
S,1[dB] - S3 [dB] 5.623 11.381 4.025 5.443

m3

freq=79.00GHz
S(1,1)=0.067/-174.012
impedance =Z0 *(0.875-j0.012)

mé4

freq=79.00GHz
Sopt=0.114/83.448
impedance =Z0 *(1.000 +j0.229)
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Fig. 6. (a) Optimization of input impedance for power and noise match.
(b) Noise figure optimization in frequency range from 77 to 79 GHz.

the presented 77/79 GHz radar down-conversion receiver [11]
uses the proposed structure.

b) Circuit design: The schematic of the whole mixer is il-
lustrated in Fig. 7. Because the W-band source module cannot
provide differential signals to the mixer quad, and if we adopt a
passive transformer/balun, the output power decreases and is not
enough to drive the mixer. So in order to measure the mixer’s
performance separately, an active LO buffer is added. This LO
buffer can be removed from the receiver chip if the differential
VCO can directly provide sufficient power. The LO buffer con-
sists of a differential amplifier providing differential output sig-
nals. A 50 (2 resistor and transmission line are used at the input
to provide a good match to the 50 €2 LO input port. Additionally,
the LO buffer provides constant gain for the LO differential sig-
nals and provides sufficient power to drive the mixer. AC cou-
pling is used to remove the DC offset of the differential LO sig-
nals. Furthermore, emitter followers behave as low impedance
interface to the mixer core. The active LO buffer provides the
function of a balun and has the advantages of smaller chip size
and positive gain with little added power dissipation, compared
with the disadvantages of larger chip size and loss of passive
balun or transformer.

The micromixer core [13] is based on the Gilbert micromixer
cell [14]. The so far reported micromixer structures are shown

in Fig. 8, what differentiates our proposed structure from the
existing structures is the mirrored RF branch which is marked in
an ellipse circle. Qg is either not used or connected in different
ways in the previous existing structures.

In the proposed mixer structure, () is connected in a diode
form as shown in Fig. 7. The most benefit of connecting (J¢ in
this way is the better balancing of the amplitude and phase of
the differential RF signals. This is realized by providing a more
balanced structure for RF signals at node A and B. Then this
results in the cancellation of the nonlinearity of I; and I3 and
improves the performance of the micromixer.

To express the phase difference, we define phase for each cell
in Fig. 9. Then we define the phase of the RF input signal as py,
the phase in the left branch (at node A in Fig. 7) is p;, and the
phases in the right branch (at node B) in the existing structures
(Fig. 8) and the proposed structure (Fig. 7) are p,2, pp2, Pe2, and
Pnew2, respectively (Fig. 10). Then the phase difference between
node A and node B for each structure can be expressed by the
following:

=po + (qe2 — Ge2) (1)

Pa2 =Po + (qe1 — Ge1) + (qe2 — Ge2) 2
Pe2 =Po + (ge1 — Ge1) 3)
Prew2 =Po + (ge1 — ge1) + qe3).- 4

Then we get the phase difference between signals at node A and
node B for structures (a), (c), and (new):

(qc.?; -

Apa =Pa2 — P1 = e1 — ge1 (5)
Ape =pe2 — p1 = (Ger — Ger) — (G2 — qe2) (6)

Apnew = Pnew2 — P1
=(qe1 — ge1) + (ge3 = qe3) = (ge2 — ge2).  (7)

So we find that |Ap,| | Ap.|. The ideal phase difference
for two differential signals is 180°, this means that structure
(a) shows better phase balance than structure (c) for the sig-
nals at node A and node B. The equivalent circuits of the cell
(1) and (3) corresponding to structure (a) and (new) are shown
in Fig. 11. Connecting base and collector together in cell (3)
corresponds to connecting C'pgo directly between emitter and
collector and changing Rpx connection. The derivation of the
equivalent impedance at node A and node B is too lengthy and
it is still difficult to compare the difference. Therefore, we com-
pare the phase and amplitude difference for four structures in
ADS, and the results are listed in Table II. In three-port S-pa-
rameter simulation, port one is defined as the RF input port with
phase pg, port two is defined for phase p; corresponding to node
A, and port three is defined for phase p,2, Pp2, Pe2, and Prow2
corresponding to node B for the four structures.
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Fig. 9. Phase definitions for each cell.

In Table IT we show the other four simulation results for com-
parison. The proposed structure shows better phase balance than
the other three types because of the minimal path time delay
through the junctions for RF signals at node A and B. While
structure (c) has the best amplitude balance, this is because that
in (c¢), the incidental inequality of Vg of Qg helps to recover
some current gain in the mirror lost due to its finite AC beta.
Since the structure depicted in Fig. 8(c) uses no component
in the mirrored RF branch, Qs suffers avalanche risk. This is
particularly important for SiGe technologies which have low
BVcego. Since BVego is 1.9 V in fr 180 GHz SiGe tech-
nology, Vo of Qg is at the limit. Therefore structure (c) is not
suitable for low BV-go technologies. So structure (c) will not
be adopted in the design due to its risk for this technology.

To verify the improvement, three circuits are designed at
70 GHz, 77 GHz, and 84 GHz, respectively. The gain and noise
figure between the proposed mixer structure and the existing mi-
cromixers are compared in simulation and illustrated in Fig. 12.
We define dG_x = G_new — G_x, dNF _x = NF_new — NF x,
where G_new (or NF_new) and G _x (or NF x) are the gain (or
NF) of the new structure and structure (x) in Fig. 10, respec-
tively; x denotes a, b, and c. The proposed structure reduces
the NF compared with other three structures and the reduction
is more noticeable at higher frequencies. The reason is that
the individual nonlinearity of I; and I3 are canceled, thus the
noise interference part is removed. The improvement for the
gain is also compared with structures (a) and (b) for the same
reason. Compared with structure (c), the gain is reduced by
0.09 dB, 0.51 dB, and 0.15 dB at 70 GHz, 77 GHz, and 84 GHz,
respectively. These results agree with the above analysis.

In summary, the proposed structure improves the linearity of
the two differential RF signals and thus increases the gain, re-
duces the NF without increasing the complexity of the circuit
and avoids the avalanche risk.

The micromixer structure provides differential RF signals to
the switching quad transistors. The internal differential RF sig-
nals are achieved by the current mirror Q7 and Qg without using
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Fig. 12. Gain and NF comparison between the proposed mixer structure and
the existing structures at different frequency bands.

RF balun. Thus power and chip area can be saved. Qg fur-
ther improves the symmetry of differential RF signals [13]. The
input matching for RF port is greatly facilitated by feeding the
single-ended RF signal from LNA to the small resistor R that
is connected to the emitter of Q5. This linearizes the mixer fur-
ther and matches the RF port to 50 Ohm or to the proceeding
LNA. Additionally, tuning the control voltage Vy,;,s can further
finely optimize the matching. R; and R are used to inject cur-
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Fig. 13. Simplified schematic of VCO.

rent and increase the gain without increasing the tail current and
power consumption [17].

An IF output buffer is followed to match to the 50 €2 interface.
To avoid the influence of IF buffer to the measurement of mixer,
the gain of the IF buffer is designed to be only 1 dB in simula-
tion. Therefore the gain and noise figure of mixer core are not
influenced in measurement.

D. Voltage Controlled Oscillator (VCO)

The oscillator features a differential Colpitts topology, which
has been a common choice in millimeter-range VCOs for low
phase noise applications [20]-[23]. Its simplified schematic in
Fig. 13 shows a modified differential Colpitts topology [20],
with inductance Lgs in parallel, and inductance Lg; in series to
the varactor. Adding gy and Ly, reduces oscillator phase noise
by increasing the loaded quality factor of the resonant circuit
compared to the case of a pure varactor [20].

From the Leeson formula [23] it is clear that we have to in-
crease Q-factor of the tank and voltage swing in the tank to min-
imize the oscillator phase noise. In the mm-wave range Q-factor
is primarily limited by the varactor.
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Circuits for the automotive radar applications have to op-
erate in a large range of ambient temperature variation between
—40°C and 4125 °C. Capacitance of a MOS varactor is much
more stable for ambient temperature change compared to an
HBT varactor capacitance. This makes the MOS varactor the
preferred choice for automotive radar applications.

A differential MOS varactor with lower resistance was used
(see Fig. 14). It has two MOS varactors, which are connected
directly in silicon. This silicon connection has small resistivity
because the varactors are just 0.3 pm apart. This structure avoids
contacts from N-well to Metall reducing varactor resistance,
and hence increasing the varactor Q. There is an additional con-
tact to the N-well (not shown in the Fig. 14) for hole extraction,
which are generated for negative gate voltages.

For the VCO biasing we have to take into account maximum
transistor amplification and minimum noise figure. To achieve
large voltage swing in the tank we should bias VCO core
transistors for the maximum transient/oscillation frequencies
f1/ fmax. However, to minimize phase noise transistors should
be biased for the minimum noise figure. As we can see in
Fig. 15, fimax maximum of 185 GHz is reached for collector
current of 15 mA, which corresponds to collector current
density of 10.6 mA /um?. Noise figure of transistors can be
measured only up to 30 GHz due to equipment limitation. Noise
figure values in the model for higher frequencies are results of
extrapolation. Simulation shows that minimum noise figure at
77 GHz is around 7 dB. For collector current of 15 mA noise
figure is just fractionally higher—justifying transistor biasing
for maximum fr and fax.

Inductances, shown in the schematic, are realized in layout by
transmission lines. Top metal layer, with thickness of 3 ym, is

1903

Fig. 16. Ladder structure of a line in top-metal layer.

DC supply for LNA, Mixer, VCO, Vctrl, Ground

Fig. 17. Die photo of the 77/79 GHz radar receiver.

used for the signal line. It is 9 pm above the bottom metal layer,
which is the ground plane. Transmission line layouts contain a
ladder-type structure as can be seen in layout (Fig. 16). After
chip fabrication it is possible to cut the shortening lines in this
structure and effectively increase the length of the line, and by
doing that increase the inductance of the line. This approach al-
lows tuning the circuit after fabrication and avoids re-fabrication
in case of detuned circuit. Shortening lines can be cut passively
using tungsten-carbide needles, which are hard and sharp with
tip radius of 2 pm.

VCO is followed by a single-stage buffer that features cas-
code topology. The single-ended power level of one to two dBm,
required by the mixer, can be achieved without any buffer stage.
The purpose of the buffer is to isolate the VCO core from the
rest of the circuit. Cascode topology offers good isolation and
matching.

VCO and buffer supply voltage is 5.5 V. This high voltage
is not necessary to achieve good performance of the circuit, but
it is a planned value for the supply voltage in automotive radar
application [20]. Same performance could be achieved with sup-
plied voltage less than 4 V.

III. MEASUREMENT RESULTS

pThe 77/79 GHz radar down-conversion receiver consisted of
the aforementioned three key blocks. The chip photo is shown
in Fig. 17. The whole chip area is 1.26 mm? including pads and
0.5 mm? without pads. The measurement of the individual block
and the whole receiver will be shown in the following sections.

A. LNA

The LNA is measured on wafer with DC ~110 GHz
S-parameter equipment, and is unconditionally stable in the
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whole frequency range. The on-wafer measured S-parameter
results at room temperature are shown together with the sim-
ulation results in Fig. 18, This result [11] shows improvement
of in-band gain over [10], which was the first reported SiGe
77~79 GHz single-ended cascode LNA and showed 3 dB gain
ripple between 77 GHz and 79 GHz. In [11], the measured peak
gain So; is 21.7 dB at 79 GHz and 20 dB at 77 GHz, 1 dB gain
ripple is between 77 GHz and 81 GHz, and 3 dB bandwidth
is from 74 GHz to 83 GHz. S1; and S5» measurement results
show that good input and output port impedance match are
achieved at 77 GHz and 79 GHz. Additionally, port isolation
S12 is larger than 45 dB in this range.

The LNA is also measured on wafer in available temperature
variation range between 27 and 125 degree. The measured K
factor extrapolated from the measured S-parameter versus tem-
perature (Fig. 19) shows the unconditional stability. The LNA’s
gain varies from 21.7 dB@27°C to 11.3 dB@125 °C and works
stably (Figs. 20, 21). Due to the equipment limitation, the NF
of the LNA could not be measured. Based on the agreement be-
tween simulation and measurement of highly accurate transistor
model, passive elements, and S-parameter at 77~79 GHz, we
would estimate that the NF measurement should be very close
to the simulation value of 10.2 dB.

All the measurement is done at 3.5 V with 30 mA current
consumption. The input P14p of LNA is up to —20 dBm which
is much higher than the reported result —40 dBm in [12]. The
customers expect to have —20 dBm input compression point for
SRR and LRR.
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The overall performance of an LNA can be judged by the
figure of merit (FOM) defined in [27]

FOM = Gpax ® BW/(NFavg — 1)/Paiss ()

where Gpax and NF,y, are the maximum gain and average
noise figure, and both are in absolute values and not in dB, BW
is the covered 3 dB bandwidth, and P 4;ss is the dissipated DC
power by LNA. Because this FOM takes into account the very
important parameters such as gain, bandwidth, noise figure, and
power consumption, so it is adopted in the comparison to the
measurement results of state-of-art.

Table III summarizes the recently reported 77 GHz LNAs.
Our LNA shows better FOM than some in GaAs technology,
and shows comparable FOM compared with others in more ad-
vanced SiGe technology.

B. Mixer

The mixer chip occupies 0.5 mm X 0.55 mm including pads,
and 0.3 mm x 0.2 mm without pads. RF and LO are fed from
the opposite sides to improve the isolation in layout. The sepa-
rate measurement of the mixer at 77/79 GHz shows 13.4/7 dB
gain (Fig. 22) and 18.4/18.72 dB NF. The receiver’s compres-
sion point is dependent on both LNA and mixer. The mixer’s
input compression point is —12 dBm and shows better linearity
than —20 dBm of the aforementioned LNA. So the compres-
sion point of the receiver is mainly limited by the LNA. The de-
tail measurement results are included in Table IV and [13]. All
the measurements were done on wafer with mm-wave source
module HP 83558A and multiplier for W-band. The exact input
power of LO and RF is measured by Agilent W8486A W-band
power sensor and HP E4419B power meter. The NF was mea-
sured by using the W-band noise source and Aeroflex PN9000
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TABLE III
COMPARISON OF FOM OF 77 GHz/79 GHz LNAS
Vce | Current | Gain_max | NF BW Technology- f7/frax Chip Size FOM
V) | (mA) (dB) (dB) | (GHz) (GHz) (mm?) [27]
[24] 3 30 10 4 8 0.15 um GaAs-80/n.a 1.34 x 1.0 0.58
[25] 19.2 15 3.5 10 0.19 um GaAds- n.a/n.a | 1.88 x 1.20 6.65
[26] 3.5 25 23.8 8 6 0.12um SiGe-207/285 0.86 x 0.36 2.21
[29] 5.5 32 16 6.5 4 0.18 um SiGe-200/275 na 0.164
[31] 5.5 10 26 6.0 5 0.13 um SiGe- n.a n.a 7.23
[34] 3.5 17.5 23.8 6 6 0.13 um SiGe-200/330 na 4.69
[35] 5.5 22 8.9 4.8 10 0.14 um SiGe-225 0.45 x 0.45 0.168
This 3.5 30 21.7 10.1 9 0.25 um SiGe- 0.42 x 0.42 1.38
work [11] 180/200
TABLE 1V
COMPARISON OF FOM OF 77 GHz/79 GHz MIXERS
[29] [38] [15] 31] [36] This work [11]
Type of Mixer Subharmonic Subharmonic Gilbert Gilbert Gilbert Micromixer
Vee (V) 5 n/a -5 6TmW n/a 4.5
Current (mA) 4.4 n/a 60 n/a 39
Conversion Gain (dB) 0.7 -14~-18 22 20-26 11.5 13.4
LO Power (dBm) 10 5 2 -2 0 2
LO Frequency (GHz) 38 36 77 75 77 77
SSB Noise Figure (dB) 23(sim.) n/a 14 12-14 15.8 18.4
Py 4p input/output (dBm) -8/-7.3 0 -30/-4 -26 -0.3 -12/1.3
Isolation (dB) >34(LO-RF)
>30(LO-RF) 40(LO-IF) n/a n/a n/a 28(LO-IF)
Technology (SiGe) 0.5 um 0.15 um 0.18 um 0.13 um 0.14 um 0.25 um
J1(GHz) 80 n/a 200 n/a 225 180
Chip Size (mmz) 0.86 x 0.9 1.5x 1.0 0.55 x 0.45 n/a 0.9x0.7 0.5 x0.55
FOM [28] -99.72 n/a -93.58 -79.26 n/a -89.07
20¢ 84
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Fig.22. Measured conversion gain of mixer versus RF and LO input frequency.

Phase Noise Test System. To compare the performance of our
mixer with the other state-of-the-art, we adopt the definition of
FOM in [28]:

FOMyx = (CG — NF) + (MIXyx — NF)

—MIXpwr — MIXis0- (9)

The definition of each item can be found in [28]. Table IV
includes the technical data of 77 GHz mixers and illustrates
a comparison to the state-of-art. Since not all papers provide
the isolation data, so MIXso is omitted in FOMyx. Our

Fig. 23. Measured VCO oscillation frequency versus control voltage before/
after cutting the lines.

mixer achieves the highest FOMyx, showing 60% better
linearity with 41% less power consumption, and better P14p
than —30 dBm compared to the reported active SiGe mixer
in [15].

C. VvCO

The VCO was measured on-wafer using Rohde&Schwarz
spectrum analyzer FSEM30 (up to 26.5 GHz) and harmonic
mixer for E-band (60~90 GHz). VCO draws 80 mA from 5.5 V
supply. As shown in Fig. 23 frequency range is 3.8 GHz. Two
lines in base inductance were cut to centre the frequency range
around 77 GHz. Phase noise plot show in Fig. 24 was obtained
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with averaging over ten sweeps for better reliability. Measured
phase noise at 1 MHz offset is below —90 dBc/Hz.

Output power measurement with harmonic mixer and spec-
trum analyzer has unacceptably low accuracy with measurement
error up to several dBs. Precise power measurements were done
with a Hewlett-Packard E4419B power meter and an Agilent
W8486A power sensor for W-band (75~110 GHz). Measured
differential output power is 5 dBm (Fig. 25), which is optimal
level to drive the mixer. Power level is almost flat with ripple
of just 0.5 dB in the whole frequency range and 0.2 dB in the
frequency range of interest (7677 GHz).

Temperature stability of oscillation frequency is shown in the
Fig. 26. In the temperature range up to 125 °C we get an oscil-
lation frequency shift A fo.. = —1.35 GHz/100 K. With mea-
sured frequency range of 3.8 GHz oscillating frequency is stable
enough to ensure that the VCO always covers the required fre-
quency range from 76 to 77 GHz when the ambient temperature
changes from —40°C to +125°C.

The size of the VCO chip is 0.8 mm? with pads and 0.4 mm?
without pads. The upper and lower raw of DC pads (see Fig. 17)

HIRSSN
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fosc [GHZ]

-50 0 50
TEMP [C]

100 150

Fig. 26. VCO oscillation frequency as a function of ambient temperature in
simulation and measurement.

-10 30
~>

=~ 45 1+ ‘

E AL W—zs

L 20 A=/ A

T o TSy dmg

g - e

3 30 /7 A 45 T

o <« £

5 .35 /O/ S

g A 1

3 40 /

L 45 | '
-50 —— 0

75 70 -65 -60 -55 -50 -45 -40 -35 -30 -25

RF Input power (dBm)

Fig. 27. Linearity and gain on-wafer measurement of the receiver.

RBW
VBW
SWT

300KHz  RFAtt
300KHz  Mixer

5ms Unit

10dB
-20dBm
dBm

Marker 1 [T1]
-45.74dBm
99.89979960MHz

& ReflLvl

-40 dBm

] | |
. s i

‘{ “ [ H ‘
\‘ M ‘\huw MJJ“\M m ““! ‘Wh i HH ‘lu.

JL
10 MHz/ Stop 150 MHz

ak

\ﬂ |

Star‘t 50 MHz
18.0CT.2006 18:04:29

-90

Date:

Fig. 28. IF output spectrum of on-wafer measurement of the whole radar
receiver.

can be omitted because they are connected to the same control
and supply voltages as pads to the right. They were put in the
layout for measurement convenience.
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TABLE V
COMPARISON OF 77 GHz/79 GHz RECEIVERS
Pac Gain NF Piap SiGe Technology-fr Chip Size Notes
(mW) | (dB) (dB) (dBm) /f max (GHz) (mm~)
[29] 1072 28 11 -16 0.18 um-200/275 1x1.1 1I/Q RX (LNAs, couplers,
mixers)
[30] 440 30 11.5 -26 0.18 um-225/330 1.03 x 1.13 |RX (LNA, baluns, mixer)
[31] 195 | 40-46 | 6.0 (sim.) | -38~-44 0.13 um-n.a 1.7x1 Diff. RX\%IC\%\ mixer,
[32] n.a 30 7 =22 0.18 um-195/290 33x1.3 RX (LNA, balun, mixer,
buffer, doubler, etc)
[33] 740 25.6 9 -24 0.13 um-170/200 n.a TX/RX (LNA, mixer, PA
VCO, divider, etc)
[34] n.a 37 8 n.a 0.18 um-225/330 9 RX (LNA, synthesizer,
phase rotators, antennas,
ete)
This work | 595 21.7 | 10.2 (sim.) -35 0.25um-180/200 1.26 Single-ended RX (LNA,
[11] mixer, VCO)

D. Receiver

The on-wafer measurement of the whole receiver is per-
formed at 79 GHz. The IF output spectrum is shown in Fig. 27.
Gain at 100 MHz IF frequency is 20-26 dB after calibration
(Fig. 28), which is close to the gain sum of LNA and mixer. The
input P14p compression point of the whole receiver is around
—35 dBm. Due to the equipment limitation when we measured
the receiver, the whole NF was not measured. Because the noise
contribution from mixer has been greatly reduced by the high
gain of LNA, and based on the agreement of the simulation and
measurement of the three separate circuits, we would estimate
that the measured NF should be very close to the extrapolated
value of 10.2 dB. This is lower than the required NF of 16 dB
[39]. The technical data of the receiver is compared with the
other state-of-the-art in Table V.

IV. CONCLUSION

This paper reports a fully integrated single-ended 77/79 GHz
automotive radar down-conversion receiver that consists of a
single-ended cascode LNA, a single-ended micromixer, and
a differential Colpitts VCO in SiGe technology. The LNA
achieves 20 dB and 21.7 dB gain at 77 GHz and 79 GHz, re-
spectively. The micromixer works at 77 GHz and 79 GHz with
13.4 dB and 7 dB gain, and VCO provides 5 dBm sufficient
power to drive the mixer while achieving a phase noise of better
than —90 dBc/Hz at 1 MHz offset. The whole receiver shows
20-26 dB gain at 100 MHz IF frequency. The estimated NF of
the whole receiver is 10.2 dB. Competitive performance with
low power consumption, small chip area and high integration
level is achieved.
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