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Design of an Optimal Layout Polyphase Filter for
mm-Wave Quadrature LO Generation

Shailesh Kulkarni, Dixian Zhao, Patrick Reynaert

Abstract—The analysis and design of a two-stage passive
RC polyphase filter for mm-wave quadrature LO generation is
presented. The layout parasitics which significantly deteriorate
the filter performance at mm-wave frequencies are identified with
the help of impedance variation and transfer function analysis. To
alleviate this parasitic degradation, a new optimal layout struc-
ture along with parasitic-compensation technique is proposed
which result in 15 dB improvement in image rejection ratio
(IRR) compared with conventional layout. Using the proposed
techniques more than 35 dB of image rejection over a bandwidth
of 7 GHz is demonstrated in an outphasing transmitter at 60 GHz
in 40nm CMOS.

Index Terms—image rejection, polyphase filter, quadrature
generation, mm-wave, optimal layout, 60 GHz

I. INTRODUCTION

HE demand for Gbps data rate is apparent with the

applications such as uncompressed video for high defini-
tion multimedia interface (HDMI), high-speed file transfer and
download kiosk for multimedia. The emerging 60 GHz wire-
less standard is a promising candidate for such applications
because of its 7 GHz unlicensed bandwidth. As bandwidth is
an expensive resource, most of the mm-wave tranceivers make
use of quadrature radio architectures so that both sides of the
spectra can be used for information [1]-[5].

Three common techniques used to generate quadrature
signals are, (a) divide by two circuit along with an oscillator at
twice the desired LO frequency, (b) quadrature oscillators and
(c) single phase oscillator followed by polyphase filter (PPF)
[6]. Option (a) has the drawback of double the frequency
of operation and therefore low signal levels and high phase
noise due to low-quality passives at mm-wave frequencies
[7]. Option (b) generates the quadrature LO signal by two
coupled oscillators which trades phase noise, tuning range and
IQ accuracy [8]. In option (c) a polyphase filter is used which
can generally achieve wideband performance with sufficient
quadrature accuracy by cascading two or more stages. It also
simplifies the on-chip oscillator design compared to previous
two techniques [2], [9].

Despite its popularity there has been limited address to
the analysis, design and optimization of PPF at mm-wave
frequencies [1], [2], [9]. To authors’ best knowledge, this is the
first brief which does it in a comprehensive way and achieves
better performance than previous implementations with the
proposed optimal layout and compensation techniques. This
brief is organised as follows. In section II, the impact of
parasitics and signal loss which become important at high
frequencies are discussed. To counter them, an optimal layout
is proposed which is more robust against capacitive parasitics
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Fig. 1. One section of polyphase filter with two different input feeds
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Fig. 2. Polyphase filter, conventional (FORM-I) and symmetric (FORM-II)
layout. The long interconnect is highlighted in bold gray

as it is more symmetrical than conventional implementation.
In section III one- and two-stage filter are analysed using
compensation for inductive parasitics which arise due to long
interconnect. Section IV discusses the experimental results and
conclusions are drawn in section V.

II. POLYPHASE FILTERS AT MM-WAVE

A polyphase filter consists of passive a RC structure which
is used for differential quadrature generation. It can easily
be cascaded to generate broadband quadrature signal. It can
also be used as a complex filter but the focus in this brief
is on quadrature generation. The operation of a conventional
PPF for low-GHz applications is explained in detail in [10].
Signal loss and influence of parasitics are two important
aspects concerning PPFs at mm-wave frequencies. The design
concerns at mm-wave frequencies then differ from low-GHz
techniques. IRR is a function of quadrature signal amplitude
and phase mismatch, « and 6 and is defined by (1) [11].
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A. Signal loss

Signal loss in the mm-wave PPF can go relatively high
compared with low-GHz applications. It can be relaxed by
selecting an optimal input feeding structure and making a
compact floorplan to minimize the interconnect length. The
latter will be addressed in section IV. There are two input
feeding structures for quadrature generation as shown in Fig. 1
and they have an influence on the operation of the PPF. The
ratio of transfer function of the differential I and Q of an
unloaded filter is given by (2) and (3) for type-a and -b
respectively. Type-a has a constant amplitude and type-b has
a constant phase behaviour [11].
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Both types of input feed result in the same IRR as it is
a function of both amplitude and phase imbalance. Type-
b has constant phase difference of 90° and the amplitude
imbalance can potentially be corrected by limiting amplifiers
to improve the IRR. As amplification is a luxury at mm-wave
frequencies, type-b structure will contribute significantly in
the power budget for the LO path. The signal loss of type-
a is 3 dB as compared to 6 dB for type-b per stage for an
unloaded filter. Therefore type-a benefits the power budget
and hence this structure is preferred at mm-wave frequencies.
In the remaining of the brief, only type-a will be considered.

B. Interconnect parasitics

Most of the PPF implementations [10], [12], [13] have been
at relatively lower frequency (sub 10 GHz). As the layout
affects its performance the techniques used for optimal layout
in these are the use of dummies, relatively large physical
dimensions to improve matching, serpentine interconnects to
match lengths etc. These are necessary techniques to achieve
better than 40 dB of quadrature accuracy at low-GHz. The
same cannot be applied at mm-wave. For example, serpentine
interconnects are lossy at mm-wave frequencies, large dimen-
sions add parasitic capacitances.

In conventional designs, the layout style followed is shown
in Fig. 2(a) which has the highlighted assymetric long in-
terconnect. At mm-wave frequencies (such as 60 GHz) long
interconnects can have significant inductance (approximately
600 fH/um depending on the thickness and width). In a
conventional layout, referred to as form-I, the length of the
long interconnect is 40 um (see Fig. 2(a)). The desired pole is
shifted due to the dominant inductive interconnect along with
other parasitic capacitances. To lessen this effect, the proposed
implementation is to distribute it on the differential Q inputs
as shown in Fig. 2(b). By doing so, the length is reduced by
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Fig. 3. One-stage PPF with L-compensation and equivalent circuit for nodal
analysis. The inductive parasitic interconnect is modelled by the gray inductor

20
T [Sccos Euuy,
S 30-
o
®
c 401 = Ideal
-% --No COmpensatlon
2,50 L C
[3
[}
60
E
70F
“50 54 58 62 66 70
Frequency [GHz]
Fig. 4. Simulated image rejection ratio improvement by using one-stage

L-compensated PPF (15 pH of parasitic inductance)

40% and the structure is more symmetrical. In this brief it
will be referred to as form-II. In addition to it, this structure
is more robust than form-I against capacitive parasitics as will
be explained in section III-C. It still remains cascadable for
broadband operation.

III. MM-WAVE PPF WITH COMPENSATION
A. One-Stage PPF

A one-stage form-II polyphase filter with type-a input feed
as shown in Fig. 3(a) will be analysed in this section. Due
to the inductive parasitic effect the susceptance of the outer
branch deviates from the ideal and the pole frequency moves
off as shown in Fig. 4. To compensate for this, the effective
susceptance is made equal to the susceptance of the unaffected
capacitor at the pole frequency by reducing the outer C to a
new value C,, given by (4). This technique will be referred to
as L-compensation in this brief.

— = —+sL )

By this compensation, the susceptance in each of the four
branches is equal at the pole frequency. The variation from
the ideal case after correction is reduced drastically as shown
in Fig. 5. The variation at either side of pole frequency has
negligible influence on one-stage form-II PPF but has some
effect on two-stage as explained in section III-B. Generally a
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Fig. 5. Impedance variation due to parasitic inductance and its compensation.
(35fF capacitance with 15 pH of parasitic inductance)

buffer follows a PPF and the load impedance seen by a one-
stage filter can be considered to be equal for all the outputs.
The simplified circuit for nodal analysis of each of the output is
shown in Fig. 3(b). Using this the differential I and Q transfer
function for one-stage L-compensated PPF is derived as given
by (7) and (8).

[1—sC,R+s2LC,] ZLAViy

AV out —
Lowt = TR+ Z + sCoRZp + $2LCy (R + Z1)]

)

[R+Zp +sCRZyL]
The ratio of I and Q approaches that of (2). The benefit

of compensation (4) is shown in Fig. 4 and it matches very
closely with the ideal case.
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B. Two-Stage PPF

A two-stage filter is generally necessary to achieve broad-
band quadrature LO. A two-stage type-a PPF is analysed as
shown in Fig. 8(a). The first stage (Ry,C7) is similar to the
filter analysed in section III-A except that it is loaded with
another stage of a form-II filter.

Ideally the input impedance offered by a filter is the same in
all the four paths as there exists a virtual ground at the Q input
when a balanced input signal is applied to the I input and vice
versa [11]. At mm-wave frequencies this condition accurately
exists only at the pole frequency when a L-compensated PPF is
considered. At neighbouring frequencies it can still be treated
as a virtual ground for the analysis and the error introduced
is negligible. As the structure in Fig. 8(a) is symmetrical, the
input impedance Z;, ;4 and Z;, ;_ are equal and denoted by
Zin,1- Similar argument applies for Q. The load impedance for
the first stage are represented by an equivalent circuit by using
the concept of virtual ground as shown in Fig. 8(b). Using this
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FORM-II layout

the impedances Z;, r and Z;, ¢ are given by (5) and (6). It
can be verified that if L = 0 and C,, = C then Z;;, 1 = Zip .

These impedances act as the load to the first stage of a two-
stage PPF. The transfer function of a two-stage filter can be
evaluated by following the procedure of section III-A. AV7 ¢
of (7) then becomes a function of Z;, ; instead of Z;. And
similarly AV 4+ of (8) becomes a function of Z;,, . Hence
the IRR becomes a function of the load impedance which is
not the case at low frequencies, an important mm-wave effect.
Fig. 6 compares the image rejection achieved by the two-stage
L-compensated method with no-compensation to highlight the
benefit. The lower frequency pole is due to second stage and
higher frequency pole is due to first stage. The IRR degrades
for the pole corrosponding to the first stage because of non-
constant load. The second stage pole is not influenced much
and stays at the designed frequency. Hence there is a small
buldge at the first stage pole. There is an improvement of
15 dB when the L-compensation is used in comparison to the
unused case and matches well with the presented analysis. The
simulated amplitude and phase mismatch are below 0.001 dB
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Fig. 8.

and 0.2° over the 10 GHz bandwidth (IRR > 55 dB). The
analysis can be similarly applied for 3- and higher stages but
the loss will correspondingly go up.

C. Effect of Capacitive Parasitics

A simple overlap of two metal layers has an overlap
parasitic capacitance associated with that crossing. At mm-
wave frequencies, the effect of all the overlap parasitics has
a considerable impact on the performance of the filter. The
overlap parasitic capacitances are unavoidable in both the
form-I and form-II implementations. But their positions are
different in both the cases as shown in Fig. 7. For form-I they
occur unevenly due to the inherent asymmetry. Because of
this, the amplitude of AV o, and AVy o, are different from
the ideal due to the interaction of signals via the parasitic
capacitive path. For form-II they occur more symmetrically
and hence their impact is reduced.

It is worth mentioning that the dominant inductive parasitics
due to long interconnects as discussed before can also be
compensated for form-I. As its length is longer than in form-
II, the required compensation is much smaller than in case
of form-II. The compensation necessary for form-I is more
than 20% of the total capacitance as compared to 10% for
form-II [5]. This leads to routing difficulties in form-1. EM
field simulations of the complete interconnect structure of both
the forms is performed by ADS momentum which enables
to model them by S-parameters. Fig. 9 shows the simulation
results including effects of all parasitics along with compen-
sation schemes. This shows that even after compensation for
form-I it cannot achieve IRR better than 30 dB. The robustness
of form-II verses form-I against parasitics is evident.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

To put the above analysis to test, a two-stage polyphase filter
is used to generate mm-wave quadrature signals for a 60 GHz
outphasing transmitter (TX) in 40nm CMOS technology. In
this design, optimization yields Ry, C; and C,; of 75 (,
33.5 fF and 30 fF in the first stage and R, Cs and C)5 of
75 ©, 36.5 fF and 33 fF in the second stage respectively. C,1
and C),2 are reduced by 3.5 fF for compensation.

(b) Equivalent Circuit to compute

Zin

Two-stage L-compensated polyphase filter and the equivalent circuit to compute input impedance
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Fig. 9. Comparison of the two layouts and the benefit of form-II with respect
to parasitics

Salicided p+ resistors and interdigitated metal-oxide-metal
(MOM) capacitors are used in the PPF. The size of the sali-
cided resistors are optimized to reduce the impact of mismatch
and the associated parasitic capacitance. There exists a trade
off between matching and resistor cutoff frequency [10]. The
size of the capacitors are also chosen to match the aspect
ratio of resistors to minimize the routing overhead. Dummy
capacitors are used in between two continuous resistors and
dummy resistors are used next to outer capacitors to provide
same neighbouring environment and mitigate lithography edge
effects. The layout is designed in a compact manner to reduce
the 60 GHz interconnect length and hence minimize the signal
loss. The active area of the PPF is only 65 um x 50 pm.
The complete TX can be seen in [5] and the PPF photo
is shown in Fig. 10. It highlights the interconnects in dot-
dashed box which are modelled based on field simulations
and are used to compute the compensation value C,,. In the
simulations both extracted RC parasitics (dashed box) along
with S-parameter model of the interconnect (dot-dashed box)
are included. Simulated voltage loss is 6.5 dB for a tuned
load of 850 © and 5.3 dB when computed by analytical
expression. The 1.2 dB difference is due to the unaccounted
loss of interconnects.

Input single tone baseband signals are upconverted by
onchip mixers using the quadrature LO signal generated by



Fig. 10. Two-stage polyphase filter micro photograph. Dot-dash boxes are
modelled by EM simulations and dashed box with RC extraction
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Fig. 11. Measured Image Rejection Ratio for 4 samples

TABLE I
PERFORMANCE COMPARISON WITH PUBLISHED MMWAVE PPFs

Ref, Technology fo IRRin | BW covered below IRR.
(GHz) (dB) BW(GHz) IRR.(dB)
[2] RX,CMOS 60 32.0 39 23.0
[2] TX,CMOS 60 23.0 5 18.3
[3] CMOS 20 28.0 - -
[9] BiCMOS 60 28.6 2 28.6
[14] SiGe:C 60 32.5 7 24.0
This work, CMOS 60 58.0 >7 35.0

the proposed PPF [5]. The IRR is measured using Spectrum
Analyzer. The measured I/Q imbalance from the transmitter
is a combined effect of all the inaccuracies including the
PPF, mismatch in the signal path and measurement setup.
Therefore the actual PPF performance is equal to or better
than the measured IRR. Four samples were measured and
results are shown in Fig. 11 with a minimum of 58 dB.
The IRR spread is < 5 dB and < 1 GHz which confirms
good matching and validates the proposed compensation.
Using this PPF, the TX in [5] achieved an EVM of -35 dB
for a QPSK/8PSK signal, which confirms the excellent IRR
achieved by the proposed PPF. Table I gives the performance
comparison of recent implementations of mm-wave PPFs with
their bandwidth coverage (IRR. is the worst IRR measured
over the specified BW). The proposed PPF achieves the highest
reported image rejection at mm-wave frequencies by using
the proposed optimal symmetrical layout and parasitic aware
design technique.

V. CONCLUSION

In this brief, a two-stage passive RC polyphase filter for 60
GHz quadrature signal generation is presented. Input-feed type
with lower loss which is important for mm-wave frequencies
is chosen. The dominant inductive parasitic is identified and a
corresponding compensation method is proposed. An optimal
layout is proposed which reduces the impact of parasitic ca-
pacitances which become important at mm-wave frequencies.
The improvement of 15 dB in I/Q accuracy over conventional
layout is achieved. The measured performance is better than
35 dB across a bandwidth of more than 7 GHz.
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