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The Design of a Millimeter-Wave VCO

Millimeter-wave transceivers have
found their place in 5G radios oper-
ating around 30 GHz. In this article,
we design a voltage-controlled oscil-
lator (VCO) in 28-nm CMOS technol-
ogy for such an environment. We
target the following performance

m tuning range: 28-32 GHz

= phase noise (PN): =100 dBc/Hz at

1-MHz offset

m power consumption: less than 2 mW.

The circuit is simulated in the
slow-slow corner of the process with
Vo, = 0.95 V and at T =75°C. Given
the high oscillation frequency and
the low PN, we opt for an inductance-
capacitance (LC) topology. The reader
is referred to numerous articles on
LC oscillator design for background
information, e.g., [1]-[5].

The design of the VCO depends
to some extent on the phase-locked
loop (PLL) in which it is embedded.
We assume that the PLL receives a
reference frequency of 200 MHz with
a PN of =170 dBc/Hz. The PLL there-
fore employs a feedback divide ratio
equal to 300.

General Considerations

We begin with the simple LC oscillator
shown in Figure 1, where R, models
the loss of each tank. It can be shown
that the peak-to-peak voltage swing at
X(orY)is given by (4/7)R,Iss [5]. The
outputs bear a common-mode (CM)
level close to V., possibly requiring
capacitive coupling for driving stages
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such as mixers and frequency divid-
ers. The tail current source is nec-
essary to maintain the proper bias
conditions and voltage swings in the
presence of process, supply voltage,
and temperature (PVT) variations.

The output PN of this structure
due to the thermal noise of M,, M,,
and the tanks is expressed as

7 kTy+1)( fo

Sen(Af) = 2R, 155\ 2QAf

J. o

where k=1.38x107%]J-K, y is the
MOS excess noise coefficient (and
approximately equal to one), f; is the
oscillation frequency, Q is the tank
quality factor, and Af is the offset
frequency [5]. Since Vo =(4/7)IssRp,
we rewrite (1) as

2zkT(y+1)(  fo
Iss Vo \20Af

2
Sen(Af)= J. @

If we select Vo=~0.8V,, we have
only I and Q under our control.
What combination of these two
parameters yields S¢n (Af =1MHz) =
—100dBc/Hz at T = 350 K? For
example, a power budget of 2 mW
and Iss ~2mA requires Q =9, a rea-
sonable value. We bear in mind these
theoretical predictions and proceed.

Inductor Design

The tank quality factor, the output
swing, and the PN of the foregoing
oscillator strongly depend on the
inductor’s design. We then ponder
how this device must be realized.
Numerous geometries can be envi-
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sioned, but we focus on a single-turn
octagonal structure. Shown in Figure 2(a),
this shape provides two degrees
of freedom, namely, the diameter,
d, and the linewidth, W. The former
defines the inductance, and the lat-
ter affects the loss. At millimeter-
wave frequencies, the current tends
to flow near the edges of the octa-
gon, but W still plays some role in
the Q. In this spirit, we also consider
a parallel stack of metal-9 (M9) and
metal-8 (M8) lines [Figure 2(b)] and
ask whether it can offer a greater Q.
The two geometries in Figure 2
have been simulated in Cadence’s
EMX tool for various inductance val-
ues and with different dimensions.
Table 1 summarizes the results,
suggesting that the Q reaches a
maximum of 32 for a 106-pH M9/M8
stack having a diameter of 110 um
and a linewidth of 20 ym. The Q
does rise by 10% as a result of stack-
ing. We should remark that these
values correspond to the differen-
tial excitation of the inductors.
Whether or not the 106-pH device
satisfies our needs is also determined

VDD
C1+ L1% Ez%@,isg% %01
out
X1 24
M; ééM2

Iss

FIGURE 1: A basic LC oscillator.
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. A COMPARISON OF
DIFFERENT INDUCTOR DESIGNS.

Plotted in Figure 3(b) are the out-
d(pm)

put waveforms. The swing is about

W (pm)

L (pH)

Qat 30 GHz
M9 Only

select (W/L)1,2 such that M, and M,
TABLE 1

steer their tail current completely
and rapidly while sensing sinu-
soids at X and Y having a peak-to-
peak swing of about 800 mV. For
now, each tank includes a constant
capacitance of 500 fF so as to pro-
10% less than the target because

shown in Figure 3(a). Here, we
vide fo ~30GHz.

If

I, =2 mA and R,=320Q, we have
Sen(Af)=—112dBc/Hz at 1-MHz off-
set. We are eager to see whether sim-

ulations agree with this result.
M8

M9

(b)

Using (1) and this inductor de-
sign, we can predict the PN.
With the optimal inductor found
we construct the basic oscillator

Basic Oscillator Design

320Q
M9

and hence, a single-ended

swing of about 815 mV,,. We then

proceed with this geometry.

(a)

an I bound of about 2 mA in Fig-
ure 1, the output swing, (4/7)RyIss,

must be reasonable. Fortunately,
a differential inductance of L =
106 pH yields R, =(L/2)wQ

R,, that it provides. Specifically, with
at 30 GHz

by the equivalent parallel resistance,
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FIGURE 2: Octagonal inductors realized as (a) a single metal-9 layer and (b) parallel stack

of metal-9 and metal-8 (M8) layers.

7

108
(c)
SUMMER 2022

108
Offset Frequency (Hz)

IEEE SOLID-STATE CIRCUITS MAGAZINE

2060 2080

(b)

2040
Time (ps)

2020

2000
Authorized licensed use limited to: UCLA Library. Downloaded on September 03,2022 at 00:08:58 UTC from IEEE Xplore. Restrictions apply.

FIGURE 3: (a) The preliminary oscillator design, (b) its waveforms, and (c) its PN profile.



the expression (4/7)Rylss assumes
that the drain currents are perfect
square waves, but in reality, they
suffer from gradual transitions.

The oscillator’s PN is shown in
Figure 3(c), offering two interesting
insights. First, the profile displays a
slope of about —30 dBc/decade from
Af=10kHz to Af=100kHz, sug-
gesting flicker noise upconversion.
Second, the PN at Af=1 MHz is
about —111 dBc/Hz, while (1) implies
a value of —114 dBc/Hz at T= 350 K
and with Q = 32. This discrepancy
arises primarily because M, and
M, enter the triode region in this
design—as evidenced by a maxi-
mum Vx—Vy of 750 mV—whereas
(1) assumes they do not.

The basic oscillator must now be
modified for continuous and dis-
crete tuning. The former is created
by varactors, and the latter is real-
ized by switched capacitors.

Continuous Tuning

We wish to add MOS varactors to
the output nodes so as to provide
continuous tuning (Figure 4). We
must select the dimensions of My,
and M,,. The minimum length is
typically dictated by the design Kkit’s
rules at a value much greater than
the process node’s minimum chan-
nel length. This is possibly because
the foundry has not measured and
characterized short-channel varac-
tors. Here, we choose the minimum
allowable length of 200 nm, expect-
ing that the long channel introduces
a high equivalent series resistance,
degrading the varactor Q. Indeed,
the Qis around 20 at 30 GHz.

This limitation may suggest
that the tank Q drops considerably
when the varactors are attached. For-
tunately, Myi and M,, need pro-

x|

16 um LA, L 16 um
200 nm iM‘” s M"% 200 nm

FIGURE 4: The addition of varactors to
oscillator core.
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vide but a narrow tuning range
and can therefore be small. It is
shown [6] that the overall tank Q is
obtained from

1 1 1
e e
Qe Qr Ci
( 1 + CVar )Qvar

where Q; and Q,,, denote the induc-
tor and varactor quality factors,
respectively; C, is the constant tank
capacitance; and C is the varac-
tor capacitance. For example, if
Q. =32, Q,, =20, and Ci/Cvar =20,
then the varactor lowers the tank
Q by about 9%. This point calls for
a small C,_ and, thus, a low VCO
gain, K .. Nonetheless, an exces-
sively narrow continuous tuning
range means that the circuit can-
not accommodate large temperature
drifts unless the discrete-tuning
network switches capacitors into
or out of the tanks. Such an action
disrupts the operation of the phase-
locked loop and should be prefer-
ably avoided.

As a compromise, we choose a width
of 16 um for M, and M,, in Figure 4,
obtaining fo=28.8 GHz for V.

cont

100 mV and fo=29.7 GHz for V=
850 mV. (The control voltage is allowed
to reach within 100 mV of the supply
rails in view of the preceding cir-
cuit’s output voltage compliance.) The
900-MHz range accrues at the cost of
a high K, nearly 1.9 GHz/V in the
vicinity of V= 850 mV. This effect
makes the circuit sensitive to noise
on V_and on V, . For example, sup-
pose a sinusoidal ripple appears on
V.. at the PLL reference frequency of
200 MHz. For such a ripple to yield
an output spur at —60 dBc, we have
Kvco Vin/(2Qawom)=1073, where V,, and
@, denote the ripple amplitude and
frequency, respectively. It follows that
Vim < 0.21 mV, a difficult condition
to guarantee.

We can also estimate the maxi-
mum tolerable supply noise for
K,, = 1.9 GHz/V. As explained in
[7], a noise spectral density of V3
at a frequency f, yields Ss(f1) = Kéco
V2/(47% f?). For this value to remain
negligible with respect to our tar-

get of —100 dBc/Hz at 1-MHz offset,
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we select Ss(fi)= —110dBc/Hz,
obtaining ¥ V2 =4.4 nV//Hz, also
a daunting challenge in supply volt-
age regulator design.

Another issue arising from a high
K, relates to the conversion of
amplitude modulation (AM) to phase
modulation (PM). As explained later,
this occurs when the tail current
source’s noise modulates the output
amplitude, and the varactor nonlin-
earity converts this AM to PM.

For these reasons, we halve the
varactor width and observe a tuning
range of 500 MHz and a maximum
K., 0of 980 MHz/V. In practice, these
choices are refined in conjunction
with the PLL design.

According to simulations, the 8-um
-wide varactors negligibly affect the
PN. Unfortunately, this will not be
true when the ideal tail current source
is replaced with an actual implemen-
tation, as seen later.

Discrete Tuning

In addition to the 500-MHz continuous
tuning range produced previously, we
wish to cover a total of about 4 GHz
by means of switched capacitors. We
envision the characteristics shown
in Figure 5(a), where adjacent curves
must have some overlap, [, so as to
avoid “dead zones.” This family of
curves presents its own challenges.

Suppose we allow f, = 100 MHz.
Then, the VCO demands about 10
tuning curves, i.e., 20 switched
capacitors must be tied to nodes X
and Yin Figures 4(a) and Figure 5(b).
The inductor’s legs are extended to
accommodate the switching units,
thereby introducing additional res-
istance, while their inductances appr-
oximately cancel. The Q thus drops.
Given that the total length of the origi-
nal 106-pH inductor is about 350 um,
we must maintain I below about 10 ym.
The 10 units on each side must there-
fore be designed with a pitch of no
more than 1 ym, an impossible task in
28-nm technology.

The next challenge stems from
the finite Q of the switched capaci-
tors. Consider the simple branch
shown in Figure 6(a), where the
digital input, D;, switches the unit
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FIGURE 5: (a) The desired continuous and discrete tuning characteristics and (b) the resulting layout complexity.

capacitor, C,, into or out of the tank
at node X. If conducting, S, displays
an on-resistance, R,, limiting the
Q of this branch to 1/(RuCuwo). If
off, S, still presents C,=Ccp+Cpp
in series with C,. That is, the “on/
off capacitance ratio” is given by
1+ Cu/(Ccp+ Cps). As the width of
S, increases, so does the Q, but this
ratio drops. The reader can see that
this less-than-infinity ratio reduces
the vertical spacing between the
successive curves in Figure 5(a) or,
equivalently, raises the overlap, f .
In other words, 10 curves may not
suffice to cover a range of 4 GHz.
With the foregoing thoughts,
we ask whether it is possible for
the switched-capacitor branches to

:O
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FIGURE 6: A switched-capacitor branch in
on and off conditions.

achieve a Q comparable to that of the
inductor. This is an important issue
because, unlike the varactors, these
capacitors must constitute about 25%
of the tank capacitance, potentially
degrading the overall Q considerably.

With L = 53 pH, the tank capaci-
tance should vary from 610 fF to
470 fF to yield the desired frequency
range. The total switched capacitance
then amounts to 140 fF. We begin with
the arrangement shown in Figure 7(a),
where all of the switched branches

for S, and use ac simulations to
find the Q of the structure. Defining
Q as 1/(RonCaw)=Im{Z}/Re{Za},
we obtain Q=1 at 30 GHz! This
means that Ron=1/(Cw)=~44Q.
Thus, to approach the inductor Q of 32,
the width of the switch must increase
to 10 umx32=320 um. Note that
with such a high Q, we have from
Figure 7(b)

‘ﬁ — RonCaS (4)
VX Ron(Ca+ Cp)S+].

are lumped into one. We select, as an 1 s
example, a W/Lratio of 10 um/30 yum T Q- (5)
X {Za _5 T T T

l TS ) SR S e — 8, Off |4
Ca =140 fF ! ! ——8, On
VDD N — —15 ********* ‘F ******** ‘T ******** B e |
Tl 1% 8 T
e e R S R
30 nm S o5l S [ ]
@ A
C; 30 |-------- Fo-————-- lr ———————— T: —————————
Vy o—o| Vi | | |
c -35 i i i
Ron T 28 29 30 31 32
- = Frequency (GHz)
(b)

(©)

FIGURE 7: (a) A lumped representation of the entire discrete tuning network, (b) the simplified
model, and (c) the magnitude response for the on and off states.
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We can then simply measure the
Q from the plot of |Vn/Vx| [Fig-
ure 7(c)]. When the switch is off,

Vn
Vx

__ Ca
= Cat Gy (6)

cont & |

which is also plotted in Figure 7(c). The
6-dBattenuation reveals that C, ~ Cq, and
hence, the on/offratiois Ca/(0.5C,) = 2.

In summary, it is possible to
raise the Q of the tank’s switched

FIGURE 8: The use of a differential switch to alleviate the Q-capacitance tradeoff.
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FIGURE 9: (a) The preliminary VCO design and (a) its PN profile at 28-GHz and 32-GHz

oscillation frequencies.
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capacitance to that of the inductor.
Applying (3) to this case, we write
the second denominator on the right
as (1+610fF/140fF)x32x=170, ob-
taining Q,,=27.The PN thendegrades
by 20log32/27=1.5dB. More imp-
ortantly, the low on/off ratio limits
the tuning range; with the 140-fF
capacitor switched out, the tank still
contains 470fF+140fF/2=540 fF.
That is, the frequency rises by only
4610 fF/540 fF = 6.3% ~ 1.89 GHz
rather than by 4 GHz. It is important
to note that these issues are far less
severe in designs operating at, e.g.,
5 GHz, because the width of the bot-
tom-plate switches can be propor-
tionally smaller at these frequencies
for the same Q.

It is possible to improve the situ-
ation through the use of a “differen-
tial” switch. Illustrated in Figure 8,
the idea is to recognize that the
differential swings at X and Y also
cause Vy and Vy to vary in opposite
directions. Consequently, the “mid-
point” of the channel of S is at ac
ground, introducing only half of the
device’s on-resistance in series with
C, and G,.

We conclude that S, can be only
160 um wide and yet afford a Q of 32
for these capacitors. The parasitic
capacitance is then halved. When C,
and C,are switched out, they appear
in series with 140 fF/2, yielding a net
value of 140fF/3x~47fF. Repeat-
ing the foregoing calculations,
we learn that the frequency rises
by v610fF/517 fF =8.6% ~ 2.6 GHz.
Switches S, and S, can have mini-
mum dimensions as they simply
define a zero dc level for Vy and Vj.

Since we still do not meet our 4-GHz
tuning target, we select C, = C, =175 fF
in Figure 8, at the cost of reducing
the Q. Figure 9(a) shows our present
design, and Figure 9(b) plots the PN at
fo=28GHz and fo =32 GHz (with the
175-fF capacitors switched in and out
and with Vcont set to 100 and 850 mV,
respectively.) The latter PN is higher
than expected by a large amount, an
effect studied in the next section.

We now decompose the 175-fF
capacitors and the 160-um switch
into 10 units. The units need not be
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identical. In fact, those that switch
out at higher frequencies should be
smaller so as to yield relatively uni-
form steps in the tuning range.

The Problem of Switch
Flicker Noise
Thediscrete tuning circuitof Figure 8
presents an interesting issue when
the switches are nominally off. Since
Vv and Vy swing by several hundred
millivolts, the switches turn on
partially and inject flicker noise.
Fortunately, the situation can be
remedied by raising the CM level of
N and M in the off mode. Illustrated
in Figure 10(a), this is accomplished
by tying these nodes to a dc level
of about Vpp/2 through two large
resistors. Figure 10(b) plots the PN
before and after the resistors are
added, suggesting that the degrada-
tion is almost completely avoided.
The method shown in Figure 10(a)
does pose another difficulty; upon
decomposing the network into, for
example, 10 cells, we must scale the
resistors up by the same factor. The
large footprint of such devices makes
the layout depicted in Figure 5(b) even
more complex.

The Problem of the Tail

Current Source

The ideal tail current source in the
VCO of Figure 9(a) must now be real-
ized by a current mirror arrangement
[Figure 11(a)]. To conserve power, we
are tempted to select a value of 5-10
for the mirror current multiplication
factor, e.g., we have Irer =400 yA.
But the flicker and thermal noise
of M, are amplified proportion-
ally. The tail flicker noise current,
I, simply adds to I and introduces
AM according to (4/7m)R,(Iss+ 1),
evidently a benign effect as far as
the output phase is concerned. How-
ever, the nonlinear capacitance at X
and Y converts AM to PM [8]. The tail
thermal noise at twice the oscillation
frequency also manifests itself as PN
around the carrier.

We should note that the worst
case for AM/PM conversion in this
design occurs when K, is maxi-
mum. This is because the varactors
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FIGURE 10: The use of pull-up resistors to avoid turning on the bottom-plate switches and

(b) the effect of pull-up on the PN.
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FIGURE 11: (a) Tail current source realization by a mirror arrangement and (b) its effect on PN.
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FIGURE 12: The VCO PN with a reduced mirror ratio, larger mirror transistors, and a lower tail current.

exhibit the greatest voltage depen-
dence at this extreme. We then turn
off the switched capacitors and set
V. . to 850 mV.

If we choose (W/L)rer=4 um/
60 nmand (W/L) r =20 um/60 nm, we
obtain the PN plotted in Figure 11(b),
which also includes the profile cor-
responding to an ideal tail current
source. The degradation is more than
20 dB at low offset frequencies.

To alleviate this issue, we decrease
the mirror ratio to 2.5, allowing I, =
0.8 mA and (W/L)grer =8 um/60 nm,
at the cost of not meeting our power

budget. The new VCO PN is plotted in
Figure 12, still higher than our speci-
fication of —-100 dBc/Hz at 1-MHz
offset. In the next step, we reduce
the flicker noise of the two transis-
tors by quadrupling their (drawn)
widths and lengths. As shown in Fig-
ure 12, the PN at 1-MHz offset falls to
-100 dBc/Hz.

Recognizing that flicker noise
modulates the varactor capacitances
(if they exhibit odd-order symme-
try), we surmise that the effect can
be alleviated if the voltage swings at
X and Y are reduced. We therefore

halve ... and observe a 3-dB drop

in PN (Figure 12). This leads to a
single-ended output swing of about
400 mV,,, requiring that the VCO be
followed by self-biased inverters if
rail-to-rail swings are required.
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