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Abstract: This manuscript presents an analysis and optimization scheme for the ultra-wideband
passive reconfigurable polyphase filters (PPFs) to minimize I/Q (in-phase and quadrature-phase)
phase/amplitude mismatch and voltage loss. By building a mathematical model of the voltage
transfer, the relationship between the resonant frequency of each stage and the I/Q mismatch and the
relationship between the network impedance and the voltage loss are revealed, providing a scheme
for PPF optimization. The proof-of-concept 2~8 GHz wideband reconfigurable PPF is designed in a
55 nm CMOS process. The optimization scheme enables the designed PPF to achieve an I/Q phase
mismatch within 0.2439° and an I/Q amplitude mismatch within 0.098 dB throughout the entire
band, and it shows great robustness during Monte Carlo sampling. The maximum voltage loss is
17.7 dB, and the total chip area is 0.174 x 0.145 mm?2.

Keywords: PPF; I/Q phase/amplitude mismatch model; voltage loss model; reconfiguration

1. Introduction

With the development of communication technology, transceivers with quadrature
mixers are being used more and more widely. As all such transceivers need to provide
orthogonal local carriers, the design of the in-phase and quadrature-phase signal (I/Q) gen-
erator is very important in the transceiver. Figure 1 illustrates the fundamental schematic
for the local oscillator (LO). The single-phase signal is initially directed to a single-to-
differential circuit to obtain differential signals. Subsequently, a quadrature generator is
employed to derive I/Q signals, followed by signal amplification through a buffer.
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Figure 1. Application of quadrature signal generator in LO generation circuit.
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There are four main ways to generate RF quadrature signals: the RC-CR network,
frequency dividers consisting of master—slave flip flops, orthogonal LC oscillators, and the
polyphase network. Compared with the other three, the polyphase network is relatively
insensitive to the mismatch of components and has a wider bandwidth compared to
the RC-CR circuit [1]. At the same time, without an inductor in the circuit, the area is
small. Moreover, it has no frequency division, which simplifies the design of the signal
generator [2]. Therefore, the polyphase network has been widely used to generate 1/Q
signals [3-6]. As one of the polyphase networks, the PPF has attracted the attention of
many researchers due to its advantages in jitter and power performance. Currently, it is
commonly used for applications in Ka and lower bands.

However, there are two challenges to be solved in the PPF design: how to reduce
phase and amplitude mismatch and how to reduce voltage loss. Reference [7] proposes
an intermediate point compensation method to improve I/Q quadrature; it detects the
variation and compensates the quadrature phase mismatch by feeding the network’s output
to the intermediate point. In [8], it shorts half of the capacitors and resistors of the first stage
to reduce the loss and area. In [9], it adds two inductors at the output of the PPF circuit to
reduce the loss, at the cost of increasing the occupied area. However, there are few papers
that discuss the performance tuning based on the PPF’s own parameters. Reference [10]
delivers a mathematical model for passive PPF design; however, it lacks the cooperation
with practical applications, including layout and post-simulations.

To improve the performance of the PPF from the perspective of the basic design
process, based on the mathematical modeling, this paper analyses the model of the voltage
transfer function of the PPF output signals at length and introduces the impact of the
load. Also, some comparisons are drawn between the model in this paper and that in [10].
After that, a general design and optimization scheme for the PPF is given, including ultra-
wideband PPF reconfiguration, resonant frequency decision, and voltage loss reduction, etc.
And to verify the feasibility of the scheme, this paper presents a design of a reconfigurable
PPF working at 2~8 GHz.

The structure of this paper is as follows. In Section 2, the basic model of the PPF is
established, and the general rule of the PPF orthogonal phase error is analyzed in detail. In
Section 3, the input and output impedance model of the PPF is proposed and is utilized to
analyze the loss of the multistage PPE. Section 4 shows the PPF design process of 2~8 GHz
broadband and gives the general process of the PPF design. Section 5 gives the results of
the post-layout simulation. Finally, the conclusion is given in Section 6.

2. PPF I/Q Mismatch Model
2.1. Basic Principle of Multistage PPF

Two typical single-stage PPF structures are shown in Figure 2, one with two inputs
connected together (PPF-I) and the other with two inputs connected to ground (PPF-II).

I/in C —° VI+ I/m C —0 VI+
in h C —° VQ+ L C —° VQ"’
_I/t'n —° VI— _I/in —° VI—
C C
—Vi R —o0 VQ_ 1| —o VQ_
C /{
(a) (b)

Figure 2. Single-stage PPF: (a) PPF-I: two inputs connected together; (b) PPF-II: two inputs connected

to ground.



Electronics 2024, 13, 658 30f17

Traditionally, for the PPF shown in Figure 2a, the equations of the four outputs are
those shown in Equations (1)—(4).

_(-CR)w~—i_,
Vi = (CRjw—1 'm (1)
Vor = Vin )
_(CR)wH+i,
e = (CRyw i ®
Voo = Vi )
Then, according to Equations (1)—(4), the output ratio of V;and Vg is
CCR)ew —i .
Vi _(-CR)w—i_ w+iwy 5)

Vo (CRlw—i  w-—iwp

where wg = 1/RC.

Similarly, for the PPF shown in Figure 2b, the output ratio of V; and V, is as shown in
Equation (6).

A, ©
VQ wo

From Equations (5) and (6), it is evident that the I/Q output signals in PPF-I consis-
tently maintain their amplitude across all the frequencies but exclusively exhibit quadrature
phases at the resonant frequency (1/RC). Conversely, the I/Q output signals in PPF-II
retain quadrature phases at all the frequencies but share the same amplitude solely at the
resonant frequency (1/RC).

Notably, although the image rejection ratio (IRR) is the commonly preferred parameter
in typical measurements, the analysis in [2] underscored the PPF’s IRR dependence on
the quadrature phase and amplitude mismatches in the output signals. Consequently, an
intuitive observation of quadrature phase/amplitude mismatches in the output signal is
presented in the analysis in the following sections instead of the IRR.

Next, advancing to the analysis of the multistage PPF, the voltage ratio between V;
and Vg is determined by multiplying the matrix chains of each stage. Figure 3 illustrates
the consistent multistage PPF matrix for both PPF-I and PPF-IL
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Figure 3. Matrix of multistage PPF.
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According to Figure 3, the recursive matrix can be obtained, as shown in Equation (7).

Vig11 1 0 0 iC,R,w 2%
Visio | | iCiRuw 1 0 0 Vi | 1
Vii13 1o iC,Ryw 1 0 Vs | TFCR@
Vit1,4 | 0 0 iCuR,w 1 7
_ 7)
w, 0 0 iw Vi1
| w wy 0 0 Vi 1
10w w, 0 Vs | @ntiw
L0 0 iw wy V4

where w,, = 1/R,,C,,.

The only difference is that the calculation of V, 1. 4 for PPF-I and PPF-1lis V1. 4,
which is [Vi,+ Viys Vin— Vi, —] for the former and [V},,; 0 V;,_ 0] for the latter.

Now, using Equation (7), the output signals of each stage can be calculated in both PPF-
I and PPF-IL. Next, the three-stage PPF is calculated and discussed based on Equation (7).
However, any specific calculation process will no longer be presented in detail to ensure
the succinctness of this article.

For the PPF shown in Figure 4a, the output ratio of V; and Vg is shown in Equation (8).

& B —iw® + (w1 4wy + w3)w2 — (wwy + wiw3 + wWrws )iw + wiwrws
Vo iwd + (w1 + Wy + w3)wW? + (W1wr + W3 + Wrw3)iw + Wiwrws

where wy = 1/R1Cq, wy =1/RyCy, w3 = 1/R3Cs.

(8)

Ry, R R,
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Figure 4. Three-stage PPF: (a) PPF-I: two inputs connected together; (b) PPF-II: two inputs connected
to ground.

Similarly, for the PPF shown in Figure 4b, the output ratio of V; and Vg is shown in
Equation (9).
Vi (w1 +w2+w3)w2+w1w2w3
Vo 1wl + (0w + wiws + wws )iw

©)

Based on Equations (8) and (9), the phase and magnitude mismatches of the I/Q
signals of two kinds of PPF are plotted as shown in Figure 5.

From Figure 5a and Equation (8), it can be seen that for PPF-I, the I/Q output signals
have the same amplitude at all frequencies and have quadrature phases at three frequency
points, which correspond to the resonant frequency (1/RC) of each stage. Similarly, from
Figure 5b and Equation (9), for PPF-II, the I/Q output signals have quadrature phases at all
frequencies and have the same magnitude at three frequency points, which also correspond
to the resonant frequency (1/RC) of each stage.
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Figure 5. I/Q mismatch of output signals in (a) PPF-I and (b) PPF-IL

From the analysis above, neither PPF-I nor PPF-II can achieve full-band orthogonality,
but they can be optimized through proper design; this is shown in the next section.
2.2. Design Scheme for I/Q Mismatch Reduction in Multistage PPF

According to Equations (8) and (9), to reduce the I/Q mismatch, resonant frequencies
should play a crucial role in the multistage PPF.

Take the structure of PPF-I as an example. In order to find the relationship between
the resonant frequencies and the phase mismatch, a simulation is carried out based on
Equation (8), where the intermediate frequency point (f; = w,/27) is swept and the corre-
sponding phase mismatch is obtained, under the condition that the low frequency point
(f1 = w1/2m) and the high frequency point (f3 = w3/2m) are fixed. Note that since the
magnitude mismatch theoretically remains the same for PPF-I, there is no need to analyze
the magnitude mismatch in the mathematical model.

The sweeping result is shown in Figure 6a, where the pass band is also changed by
increasing f3 from 5 GHz to 10 GHz to find the universality pattern. The abscissa is the
frequency of f (in GHz), and the ordinate is the maximum I/Q phase mismatch throughout
f1~f3 (in °). It can be seen that when the minimum full-band phase mismatch is achieved,
f2 is always 4/ f1 f3. The fitting function is shown in Figure 6b.

8.00 N 45
~ 7.00 | Equationy=-2.2884x10+1.0000x
£ 600 40
< B — 3
£ 5.00 |- Sas|
S 4.00 |- —=—12~10 GHZ T I
g B —e—2~9 GHz ~ 3.0
g 3.00 - gy ——2-8GHz <7
A~ 200 4.24 —+—2~7 GHz
[« - 4,00 ——i—2~6 GHz 25 F
= 1.00 N g 7 —e—2~5 GHz -
0.00 1 1 1 1 1 1 1 1 20 v 0 s s T a1
1.00 3.00 5.00 7.00 9.00 11.00 20 25 3.0 35 40 45
Frequency of £, (GHz) (/)" (GHz)

(a) (b)

Figure 6. I/Q mismatch of output signals for PPF-I: (a) relationship between f, and maximum I/Q
phase mismatch throughout f1~f3; (b) fitting function between f, and +/f1 f3.
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Similarly, for the structure of PPF-II, the intermediate frequency point (f = wy/2m)
is also swept to obtain the corresponding magnitude mismatch; the result is shown in
Figure 7. The fitting function is almost the same as that of PPF-I, which indicates that

fa =/ fifs.

a 1.20 4.5 F i
= o | Equationy=-2.2880x10~+1.0000x
::3 1.00 - 40k
<
g 0.80 |- = 3
£ B 35 F
% 0.60 —a—2~10 GHz 5 L
= i ——2-9GHz a0k
g 0.40 » 4.47 ——2~8 GHz ": ) |
& B 434 ——2~7GHz
é‘ 020 4.00 —+—2~6 GHz 25 F
o ’ | 3.47 =—o=—2~5 GHz
= 0.00 1 1 1 1 1 3']|6 1 1 1 20 0 o 0 e e a1 a1
1.00 3.00 5.00 7.00 9.00 11.00 20 25 3.0 35 4.0 45
0.5
Frequency of f, ()™ (GHz)
(a) (b)

Figure 7. I/Q mismatch of output signals for PPF-II: (a) relationship between f, and maximum I/Q
magnitude mismatch throughout f1~f3; (b) fitting function between f, and /f; f3.

Now, the conclusion is that in order to achieve good quadrature performance, whether
in the structure of PPF-I or PPF-II, the intermediate frequency point w, should be

Wy = m (10)

Analogously, for the PPF with more than three stages, to reach the lowest I/Q mis-
match, the relationship between the resonant frequencies should be

wy = \Jwiws, w3 = \/wrwy, wy = \/w3ws - - - (11)

It should be noted that since w = 1/(RC), the phase mismatch is only related to the
product of each resistance and capacitance, not their individual values.

2.3. Design Scheme for I/Q Mismatch Reduction in Reconfigurable Ultra-Wideband PPF

The more stages a PPF uses the larger the working band and the lower the I/Q
mismatch; however, using too many stages will lead to a large voltage loss, making it a
challenge for buffer design. So, for ultra-wideband application, in order to reduce voltage
loss and improve I/Q quadrature performance, it is often necessary to design 2~3 PPFs
parallelly, working in different frequency bands; these are selected by RF switches.

In order to achieve good orthogonality in the full pass band, the switching frequency
points should also be designed at the arithmetic square root of the “high frequency points at
higher frequency band” and “low frequency points at lower frequency band”. The specific
proof method is similar to that in Section 2.2 and is not repeated here. Just taking one PPF-I
example, suppose that two three-stage PPFs working at 2 ~ wy GHz and wy ~ 18 GHz
are used to generate ultra-wideband quadrature LO signals of 2~18 GHz. Under the
premise that the minimum phase mismatch is already achieved in each PPF by applying
Equation (10), the frequency of wy is simulated; the results are shown in Figure 8.

It can be seen that the intersection of the two curves is at 6 GHz (that is, /2 x 18 GHz),
indicating that when the frequency band is divided into 2~6 GHz and 6~18 GHz, the overall
phase mismatch is the smallest and is about 0.8°.
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Figure 8. Phase mismatch and segmentation frequency in 2~18 G PPE.

According to the analysis above, for ultra-wideband PPF design, first segment the band
with the switching frequency equaling the arithmetic square root of the “high frequency
points at higher frequency band” and “low frequency points at lower frequency band”;
then, decide the resonant frequencies of each band. The more bands that are divided,
the better the orthogonality of the output in the whole band; however, it is worth noting
that the frequency bands cannot be divided infinitely when considering the total area and
symmetry of the layout design.

3. PPF Voltage Loss Model with Load Consideration
3.1. Impact of Load on PPF

The analysis presented in Section 2 is based on the traditional PPF analysis, which
does not take into account the load of the PPFE. In this section, the impact of the load
is discussed.

To begin with, the load impact for the single-stage PPF is discussed. As shown in
Figure 2a, the output of V1, without considering the load, is given in Equation (12).

Vi (-CR)w-—1i

Vi (CRlw-—i (12)

It can be seen that the voltage gain is always equal to 1. However, as a passive
network, whether in theoretical analysis or a practical test, the PPF should have losses,
and the voltage gain is bound to be less than 1. For the multistage PPF itself, the input
impedance of the second stage should be regarded as the load of the first stage. If it is
not large enough, losses will occur. So, traditional analysis methods cannot estimate the
voltage loss of the PPE.

To give a more accurate function of voltage transfer, suppose that there is a load Z;,
connected to the output of PPF, as shown in Figure 9.

7
iz
G
G

Vin
R

in
- I/in

—V &

WSS ST

Figure 9. Single-stage PPF with load consideration.
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At point X, use Kirchhoft’s current law,

Vie | Vg = Vin | Vi + Vi

— =0 13
Z L + R + 1 / jwC ( )

Then, the modified transfer function is

V —CR —1

I+ _ ( C ) w _ 1 (1 4)

Vin (CR)(U—IZ%—i

Now, the gain of the revised transfer function considering the load does not remain at
one, but changes with Z;.

The analysis above proves that the load can affect the function of output signals.
Remember that in Section 2, the phase mismatch is related only to the product of the
resonant frequencies of each stage, when the load is not taken into account. Next, whether
this conclusion changes when the load is considered should be discussed.

Continue to take the single-stage PPF as an example. Suppose that the load is Z; and
that the output I/Q signals are

Vi, ah (15)

0, 1 (16)

The ratio of the I/Q signals is

Vi (-CR)w-—i
Vo (CR)w—i 17

It can be seen that the ratio of the I/Q signals is independent of the load.

So, the conclusion is that the load will only affect the overall voltage loss of the PPF, not
the orthogonality of the I/Q signals. We can continue to use the design schemes presented
in Section 2 for a low I/Q mismatch. But to improve the performance of the PPF and to
take it to a higher level, a deeper discussion on voltage loss should be conducted.

3.2. Input and Output Impedance Model

For the multistage PPF, the input impedance of the second stage participates in the
part of the first stage as the load. So, to analyze the voltage transfer between the two
stages, the input and output impedances of each stage need to be calculated first. The input
impedance delivered in [10] neglected the source resistance at the input node, leading to a
less accurate result due to the ignoring of the effects from the previous stage. In this section,
a new analysis model for the impedance estimate is put forward to show the effect from
the previous stage. The analysis model of the input impedance of the PPF is shown in
Figure 10.

As shown in Figure 10, the input impedance can be calculated as a parallel circuit of a
shunt starting from the resistance R with a shunt starting from capacitance C. The shunt
impedance starting from R is

e (e e (e e (e (-2 2e) ) o9

The shunt impedance starting from C is

e (s (20 (o e o 200))))) o
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The total input impedance is

(20)

Figure 10. PPF impedance analysis model.

Figure 11 shows the comparison between the simulation results and the theoretical
model results in the sweep, where Zg =50 (), Z; =100 ), R =589 (), and C =135 {fF. And
the curves almost overlap, indicating that the model is highly consistent with the circuit.

500.00 == Tr¢al_Calculation
L =@ image_Cal¢ulation

5 =—@—re¢al_Simulation
§ 300.00 \ | —®—image_Simulation
R S i
2
g 100.00
E- s
£ —100.00
—300.00 1 1 3 1 1
050 150 250 350 4.50 5.50

Frequency (GHz)

Figure 11. Input impedance of theoretical model and simulation.

For multistage PPFs like three-stage PPF-I, to calculate the input impedance of the
second stage, Zg is the impedance seen from the output node to the ground of the first
stage, and Z; is the impedance seen from the input node to the ground of the third stage,
which can also be obtain by Equations (18)-(20). To simplify the analysis, when calculating
Zgs and Zj, the first and third stages can be seen as disconnected with the second, as shown
in Figure 12, where Zg; is the impedance of the previous stage before the PPF, and Z; 3 is
the impedance of the next stage after the PPE.
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| 1 1 1 1
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o
Figure 12. Calculation of ZS and ZL for second stage.
The result will be slightly different from that of the circuit simulation, as the multistage
PPF has much more complicated series or parallel branches; it can also play a part as a
great estimation tool in the whole design.
Note that although the model is given by input impedance analysis, it can also be used
to calculate the output impedance. The process is similar; so, it is not repeated here.
3.3. Voltage Loss Estimation of Multistage PPF
Reference [10] gives the equations of voltage loss for a certain stage of the PPFE. In this
section, a more universal solution is proposed for calculating the loss between any two
stages, and the analysis model is shown in Figure 13.
In the PPF shown in Figure 13, the second stage can be regarded as the load of the first
stage, and the voltage transfer function is shown in Equations (21) and (22).
Ve . (GRiZ)w-7 1)
Vi (—C1R1Z1i)w—R1—Z1
V]2+ _ (7C1 Cz R1 Rz Z1 Zz)w2+(fC1 R] Z] Z27C2 Rz Z1 Zz)wa1 Zz (22)
Vin (C1CyR1RyZ1 Zp) w2+ (—CiR1 Ry Z1i— CoR1 Ry Zpi— Cy Ry Z1 Zpi— Ca Ry Z1 Zpi)w —R1 Ry — Ry Zy — Ry Zy — 71 7

Z1 is just the input impedance of the second stage, which was discussed in Section 3.2.
As for Z,, for the two-stage PPF Z, is just the load impedance connected to the output end;
in the case of three or more stages, the analysis of Z; should also refer to the process of Z;.

In order to verify the reliability of the model with examples, the theoretical results
from the analysis above and circuit simulation of a two-stage PPF are shown in Figure 14.
It can be seen that the calculated results of the theoretical model are slightly larger than
the simulation results of the circuit, indicating that the actual voltage transfer model of the
PPF should be more complex. However, this is a feasible model for roughly estimating the
output voltage; it can guide designers in setting the indicators of the whole system and can
facilitate the estimation of the circuit performance at the beginning of circuit design.
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Figure 13. PPF Interstage loss estimation Model.

Another discovery is that, according to Equations (17)—(22), the individual values
of the resistance and capacitance of each stage play a significant role in the voltage loss.
Therefore, although the individual values of resistance and capacitance have no influence
on the I/Q mismatch, they should still be well designed to minimize the total voltage loss,
according to the premise that their production remains unchanged.

—0.80
= ==@— 1st stage(Calcplation)
-1.20 -‘—lﬂgl@
B =+ 2nd stage(Cal¢ulation)
_ =+ 2nd stage(Simulation)
& 1.60
3 -
= —2.00
= B
O —2.40
—2.80
320 L : : :
050 150 250 350 4.50 5.50

Frequency (GHz)
Figure 14. Voltage loss of PPF calculated by theoretical model and circuit simulation.

4. Circuit Design: 2~8 GHz Reconfiguration PPF

According to the analysis of the phase/amplitude mismatch and the voltage loss in
Section 3, a universal PPF design model can be generated. In this section, a design example
of a 2-8 GHz PPF is used to detail this model.
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4.1. PPF Structure Determination

As shown in Figure 2, there are two PPF structures: PPF-I, which theoretically has no
magnitude mismatch, and PPF-II, which theoretically has no phase mismatch. However,
if the PPF is required to have a phase mismatch that is as low as possible, it should be
designed like PPF-, as the deviation of the perfectly orthogonal frequency points caused
by parasitic effects can be corrected by adjusting the designed resonant frequencies in the
circuit. Similarly, if the PPF is required to have a magnitude noise that is as low as possible,
it should be designed like PPF-II.

In this design, because a low phase mismatch is desired, a structure with two inputs
connected together is applied.

4.2. Working Band Segmentation (Reconfiguration Modularization)

As discussed in Section 2.3, to achieve a low I/Q mismatch for the ultra-wideband
application, more than one PPF working in different frequency bands should be used, and
the switching frequency should be the arithmetic square root of the “high frequency points
at higher frequency band” and “slow frequency points at lower frequency band”.

Therefore, for the frequency range of 2~8 GHz, two PPFs working at 2~4 GHz and
4~8 GHz, respectively, are used to form the overall circuit. Theoretically, as shown in
Figure 15, the maximum phase mismatch of the whole band is about 0.22°. Band switching
can be achieved by an RF switch like a transmission gate.

+£{)0 ~8 GHz y
——

1.50 2 ~wo GHz

1.00

0.50

0.00

1.00 3.00 5.00 7.00 9.00
Frequency of wo (GHz)

Quadrature Phase Mismatch (°)

Figure 15. Phase mismatch and segmentation frequency in 2~8 GHz PPF.

4.3. Resonant Frequency Determination of Each Stage of Each PPF

In this design, a three-stage PPF is used in each band for voltage loss and phase
mismatch trade-off. According to the discussion in Section 2.2, when w; = |/wjws, the I/Q
quadrature performance is the best. So, the resonant frequencies for a 2~4 G PPF are 2 GHz,
2.83 GHz, and 4 GHz; the resonant frequencies for a 4~8 GHz PPF are 4 GHz, 5.66 GHz,
and 8 GHz.

4.4. R&C Determination Based on Voltage Loss

After obtaining the three resonant frequencies, the product of the resistance and
capacitance at each stage can be obtained according to w = 1/RC. According to the analysis
in Section 3.3, the respective values of the resistors and capacitors play an important role in
the amplitude of the output voltage of the PPF. To maximize the output voltage of the PPF,
it is necessary to determine the specific values of resistance and capacitance at each stage,
according to the input impedance of the output buffer and the output impedance of the
input buffer.
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4.5. Layout Design

In the traditional design, the PPF layout is often drawn as a circuit schematic diagram,
as shown in Figure 4, which leads to the long route between the last capacitor and the
first resistance. At high frequency, long wires may have a significant parasitic inductance
which is almost near the order of pH/um. So, in the traditional layout, the length of the
long wire is from tens of um to hundreds of pm, depending on the width and length of the
selected resistance and capacitor. Under the influence of this parasitic inductance and other
parasitic capacitance, the required resonant frequency will be shifted.

In order to reduce this effect, the improvement proposed in this paper is to rearrange
the three-stage resistors and capacitors, as shown in Figure 16; thus, the four output signals
have the same routing length, as far as possible, and the parasitic influence of each route is
the same, as far as possible; the overall layout is more symmetrical, reducing the influence
of parasitism on the I/Q quadrature performance. And for a multistage PPF application,
this routing scheme is also very convenient for cascading.

Ry, Ry R34
AAA AAA AAA
YWy Wy B VVy
11 22 33
AAA AAA
Vin © YVv Wy MWy
Ci | Vn- Cy | Vo C
M 11 |1 =34
1 1 1 0 Vl+
||C11 ||C22 ||C33 oV,
11 Vo L % 10 0-
R 1+ R n- R
14AAA ZIAAA 32AAA
N Wy 2 Wy B VVy
13 24 31
— AAA AAA AAA
Vin © Wy Wy VVy
1 |Cl4 V11+ 1 |C21 VQ2+ 1 |C32
) 1r ) o),
1 C13 11C24 11C31 oV
) 17 11 o+
Vor- Ve

Figure 16. Improved routing scheme of three-stage PPF layout.

As the parasitic resistance and capacitance will be connected in parallel or series with
the intrinsic resistance and capacitance, resulting in the shifting of the resonant frequency,
it is necessary to check whether the resonant frequencies of the three stages are too far from
the desired one. If so, it is necessary to return to the schematic and adjust the resistance
and capacitance.

5. Results and Discussions

The layout of the final 2~8 GHz three-stage PPF in a 55 nm process is shown in
Figure 17. The upper and lower parts work at 2~4 GHz and 4~8 GHz, respectively, and are
switched by transmission gates. The area is 174 x 145 um?. The resistors and capacitors
used are shown in Table 1.

Table 1. Parameters used in PPF.

2~4 GHz 4~8 GHz
Ry /Q) 110911 R1/Q 188.903
C,/fF 727.306 Cq,/fF 185.883
Ry,/Q) 150.307 Ry/Q) 162.561
C,/fF 342.712 C,/fF 180.931
R3/0 198.416 R3/Q 133.004

C3/fF 199.426 C3/fF 128.639
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Figure 17. Layout of PPF.

Figures 18 and 19 show simulation results of post-simulation. With the output con-
nected to an RF amplifier, whose input impedance is 30.319-292.34j throughout the 2~8 GHz
frequency band, the quadrature phase mismatch is <0.2439°, the amplitude mismatch is
<0.098 dB, and the voltage loss is <17.7 dB, in post-simulation.

1.20 g 0.00
_ [ y 1 S s (2.300,—0.017)
o —|
< 0.80 5 —0.02 ~,
g | / g i
E 040 3 g ~0.04
g 0.2439 2133 ) B ~
z YA . / = —0.06 N
= 0.00 \ ™ 2 B '\\
2 i / ~0.1297 2 —0.08 N\
_g —0.40 I 3.2/42 = -
A B o0 —0.10 =
o —0.80 J 1 E“ i (8-000,—0.098) \.
= - o —0.12
-1.20 1 1 1 1 : 1 1 1 1
1.00 3.00 500 7.00 9.00 1.00  3.00 500 7.00 9.00
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 18. I/Q mismatch for (a) phase mismatch and (b) magnitude mismatch.

The parasitic parameter extraction was performed on the circuit layout, followed by
Monte Carlo simulations and statistical fitting, as illustrated in Figure 20.

According to Figure 20, in the case of I/Q phase mismatch, the majority of samples
are within the range of 0.225° to 0.325°, with a mean of 0.275°. Post-fitting analysis reveals
an approximate adherence to a Gaussian distribution, with a standard deviation (o) of
approximately 0.0386°, and the 30 interval of the Gaussian distribution is approximately
0.13° to 0.43°. Regarding the I/Q amplitude mismatch, most samples fall within the range
of 0.095 dB to 0.105 dB, with a mean of 0.100 dB. After fitting, an approximate adherence
to a Gaussian distribution is observed, with a o of approximately 0.00512 dB, and the 3o
interval of the Gaussian distribution is approximately 0.079 dB to 0.121 dB. The foregoing
analysis suggests a robustness in both the phase and the amplitude against variations in
PVT and manufacturing.
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Figure 20. I/Q mismatch in Monte Carlo sampling for (a) phase mismatch and (b) magnitude mismatch.

The comparisons with other works in the past filter years for PPFs without buffers are
shown in Table 2, indicating that the PPF designed by the method presented in this paper
can achieve better performance, which has a very small I/Q mismatch with a moderated

voltage loss.

Table 2. Comparison table.

This Work [11] [12] [13]
0.15 um 65 nm 65 nm
Technology S amEMOS 4 1GaAs/InGaAs CMOS CMOS
Frequency (GHz) 2~8 32.5~34/14.7~15.2 26.5~29.5 33~39
1/Q Phase Mismatch (°) <0.2439 <1 <1.77 <11
I/Q Magnitude
Mismatch (dB) <0.098 <05 <0.27 <0.28
Voltage Loss (dB) <-17.70 - <-13 <-17.3
Area (um?) 174 x 145 - 100 140

Based on this PPF, the four-phase generation network can achieve a relatively low 1/Q
mismatch and power consumption and can improve the overall performance of the circuit
with a well-designed single-to-differential circuit and RF amplifier buffer.
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6. Conclusions

This paper discusses a design and estimation scheme for a wideband reconfigurable low
I/Q mismatch passive polyphase filter (PPF) in a 2~8 GHz frequency band. The relationship
between the designed parameters and the PPF performance is proposed, which indicates
that the key to the low mismatch lies in the proper switching frequency of the reconfigurable
band and the proper resonant frequency of each stage, and the key to the low loss lies in the
moderate values of resistance and capacitance, respectively. Based on this model, a 2~8 GHz
band PPF is designed in a 55 nm CMOS process. The post-simulation results show that the
designed PPF achieves a phase mismatch of within 0.2439° and an amplitude mismatch
of within 0.098 dB within the whole frequency band. Through Monte Carlo sampling
and statistical distribution fitting, the circuit demonstrates strong robustness against PVT
variations and manufacturing changes. Under the load of 30.319-292.34;, it can achieve a
loss of within 17.7 dB, which reduces the design difficulty of the RF amplifier buffer. The
area of the whole PPF module is 0.174 x 0.145 mm?.
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