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Abstract. This paper presents the design and modelling result of the wideband receiver topology
with an enhanced frequency band using Miller N-path bandpass filter and harmonic-rejection
mixing technique. The wideband receiver has the form of monolithic microwave integrated
circuits (MMIC) based on domestic GaAs pHEMT technology. The receiver consists of low noise
amplifier (LNA), commutated network and harmonic recombination circuit. When using inductors
to compensate the parasitic capacitances, the bandwidth of the LNA significantly increases from
0—2.3 GHz to 0—5 GHz, thereby increasing the receiver frequency band to 0.3—3 GHz. The receiver
achieves a gain of 15 dB, a noise figure of < 4 dB, an out-of-band IIP3 of +8 dBm, and a harmonic-
rejection ratio at the third- and fifth-order local oscillator harmonics of > 50 dB.
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Annoranus. [IpencrasieHbl pa3paboTKa M pe3yiabTaThl MOAEIUPOBAHUS TOTIOJOTUU IIIUPO-
KOTOJIOCHOTO MPUEMHMKA C PaCIIMPEHHBIM IMAMa30HOM YaCTOT MPU UCIIOIb30BAHUU MOJOCO-
Boro N-kaHayibHOTO (hriibTpa Musiepa U MeToaa noaaBiaeHus rapMoHUK. LIIupoKomoaocHbIi
MpUEeMHUK BbINoJHEH B Buae CBY MOHOMUTHBIX MHTETPAJbHBIX CXeM Ha OCHOBE OTE€YECTBEH-
Hoit GaAs pHEMT texnonoruu. [lpueMHUK cocTouT u3 Majotrymsiiero ycuwiurenas (MLIIY),
KOMMYTHUPYEMOI1 1IeTIH U 1IeTT PeKOMOWHAIIMY TapMOHUK. [1py MCIoab30BaHUM KATYIIKA WH-
IIYKTUBHOCTHU [IJIsI KOMIIEHCAIIMU MAapa3suTHBIX eMKocTeil, mojsoca yactor MUY 3HauuTenbHO
yBenuuuBaetrcs ¢ 0—2,3 I'Tiy mo 0—5 I'Tii, TeM camMbIM yBelWUMBas MOJOCY YaCTOT MPUEMHUKaA
no 0,3—3 I'Tir. [TpuemHuK nmocturaeT Koadduimenrta ycuiaenus 15 n1b, koadbdbunmreHnra myma
< 4 nb, BHenosiocHou ITP3 +8 nbwm, kKoadduimenTa nomaBieHUss TapMOHUK Ha FapMOHUKAX
YaCTOTBI TE€TEPOINHA TPETHhETO U ISITOTo Topsiaka > 50 nb.

KitoueBbie ciioBa: MpoOKOMNOJOCHBI TPUEMHUK, MHOTOJMANa30HHbII MPUEMHUK, IMUPOKOTIO-
socHblii MITY, cMecutens mogaBieHUs] FTapMOHUK, MOJI0COBOU N-KaHalbHbIN huisTp MuJiie-
pa, MUC, GaAs pHEMT
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Introduction

With the increase in the number of standards in the frequency band from 0.3 GHz to 6 GHz (such as
LTE, 5G, ...), the number of narrowband receivers in devices designed for each of their own standards
increases. Then the device becomes bulky and expensive. Therefore, it is necessary to develop a wide-
band (multi-band) receiver capable of receiving several standards. In a wideband receiver, such blocks as
low noise amplifier (LNA) and mixer are used for several bands and the off-chip surface acoustic wave
(SAW)-based bandpass filters are removed. Thus, the size and cost of the device will be saved.

Due to the lack of the off-chip SAW filters, out-of-band blockers enter the receiver without filtering
and desensitize it. Therefore, firstly, the blocks located near the antenna, such as the LNA and mixers,
must have extremely high linearity. Secondly, these high-power blockers must be filtered as early as pos-
sible in the receiving path in order to reduce the linearity requirements for subsequent blocks. In other
words, this means that in the receiving path these out-of-band blockers must be filtered before they are
amplified. In wideband receivers N-path filter is a popular choice for on-chip blocker filtering because
of their wide tuning range and high Q factor [1-5].

© YaH T.4., 2024. U3paTensb: CaHKT-TMeTepbyprckuii NONMTEXHUYECKUI yHUBEpcUTET MeTpa Bennkoro



4yCTp017ICTBa N CUCTEMbI Nepeaayn, npueMa n obpaboTkn cMrHanos

b)

3 .
@ (ljl 4'—|7

V()

o L T
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This paper describes the design of wideband receiver with enhanced frequency band using N-path
filtering and harmonic-rejection mixing techniques with Miller effect based on the domestic GaAs
pHEMT technology.

Features of N-path filtering technique

Fig. la, presents the circuit of a N-path filter. The input network is modeled by a voltage source
U, (o) with its impedance Z_(j®). In the commutated network N switches are periodically commutated
with the switching frequency fC using the non-overlapping square pulses signal VOk(t) (Fig. 1b, where
V.(t) =V, ()/V, is normalized control function of the k-th switch; ¥ is the maximum value of the
pulses). RSW is the resistor of the switch when it is ON.

Using the method used in [6], when ®./2<o<3w/2(where ® = 27IfC ) the output voltage Uout(oa)
of the N-path filter is calculated by:

Uow (@) = [RSW ' (1+ g(coa(;;zlf:v (J;];) (j(o)):l stliirlzfj)jm) ’ W
where:
Nsin((n -jb(m)jsin[”b](f)]za (jo.) .

For an ideal N-path filter, Zm(]'(n) is the resistor RS. Then from (1) we have the transfer function of
the N-path filter in the range 0/2<0 <30 /2
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When o is close to @, then (® — @ )/o_= 0 and b(w) = w/®_ = 1. Then from (2) we see that [c(®)|
has a much larger value than R,. Then formula (3) becomes:

I R S
= (b(w)+IN) i (1+IN)

For wideband receivers, N is usually 8. Then K(®) = 1. That means that when the frequency ® ( is
close to ) is within the passband of the N-path filter, the maximum value of transfer function Kmax ~1.

On the other hand, when the frequency o is far from ®_, |c(®)] is very small compared to R_ because
|Z.. (jo )| is very small compared to Ry. Then formula (3) becomes:

R
K(m)z—R :V_VR <. (4)
SW S

This means that when the frequency o is outside the passband of the N-path filter, the transfer func-
tion of the N-path filter K(®) is very small compared to 1.

Miller N-path bandpass filter

Formula (4) shows that the out-of-band interferences rejection capability of the N-path filter is lim-
itedby R /(R + R,). Thus, to decrease K(®), when ® is outside the passband of the N-path filter, it is
necessary to decrease R or/and increase R. If R__ is too small, the parasitic capacitance of the switch-
es will be very large and increase the leakage of the control signal VOk(t). Therefore, a more feasible way
is to increase RS. In addition, [7] also shows that the bandwidth of the N-path filter is determined by:
BW = 1/(rNRC)). For standards with small bandwidths (e.g. from a few hundred kHz to a few MHz),
CL has a fairly large value and significantly increases their area on the chip. Therefore, increasing Rs is
also necessary.

Article [7] shows how to increase R by placing the commutated network at the LNA's feedback.
Then by using Thevenin equivalent model the internal resistance of the equivalent source will increase
(1 —A,) times, where 4 is the voltage gain of LNA and needs to be a negative real number. For the re-
ceiver to work in a wide frequency band, 4 , needs to keep its value constant in that frequency band. With
the LNA design in [7], |Ao| is often reduced at 2—3 GHz due to parasitic capacitances, thereby reducing
the frequency band of the receiver.

Design of LNA

To increase bandwidth of the LNA in this paper, we add inductors in series with the load resistors of
each stage of the LNA developed in [7]. These inductors will compensate the parasitic capacitances and
keep |Ao| from decreasing at high frequencies, thereby increasing the bandwidth of the LNA (Fig. 2a).
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Fig. 2. Schematic of LNA (a), frequency responses: S, , noise figure NF and voltage gain |AO|
with inductors (L, L,, L,) (b) and without inductors (L, L,, L,) (¢)

The LNA is designed based on the domestic GaAs pHEMT technology using Microwave Office cir-
cuit design tool. Frequency responses (S|, and |4 |) of the LNA design with inductors (L,, L,, L,) and
without inductors (L, L,, L,) are shown in Fig. 2b and 2c, respectively. The LNA design with inductors
ensures flat voltage gain |4 o| ~ 27 dB, noise figure NF < 2 dB and S ,; <—10dB in the frequency range
from 0.2 GHz to about 5 GHz. Meanwhile, for the LNA design without inductors, S S —10 dB when
the frequency is greater than 2.5 GHz (Fig. 2¢). In addition, the voltage gain |A0| is also reduced at fre-
quencies around 4—5 GHz.

Design of wideband receiver

The schematic of wideband receiver is presented in Fig. 3a. It consists of LNA, commutated network
and harmonic recombination (HR) circuit. The LNA and commutated network form Miller N-path
bandpass filter, which acts to pass the desired signal and filter the interferences at the output of the LNA.
Therefore, these interferences cannot cause nonlinear effects to the LNA. In addition, in this design,
R,C, >>T (where T — period of Vk(t)), so the Miller N-path bandpass filter also acts as a mixer [8—9].
This mixer converts the RF frequency voltage at the output of the LNA to the baseband voltage at the
capacitors C| . In this case, the local oscillator (LO) frequencnyO of the mixer is equal to the switching
frequency f.

On the other hand, due to the lack of filtering of the bandpass filter at the input of the receiver, the
mixer converts not only the desired signal at the frequency fin =~ fLO’ but also the interferences at some
harmonics of the LO frequency kf. ., (k # £ 1). To solve this problem, a HR circuit is used. The prin-

LO?
ciple of operation of the HR circuit is that a “pseudo-sine-LO” signal is generated. Unlike the V' (7)
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Fig. 3. The schematic (a), topology (b) of wideband receiver
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signals, which have a square wave shape, the “pseudo-sine-LO” signal has a shape similar to a sine wave.
Therefore, it does not contain 3 and 5*" harmonics. Consequently, interferences in these harmonics are
eliminated at the output of HR circuit. In Fig. 3a, the baseband voltages at the capacitors C are convert-
ed to currents with corresponding transconductances (with a ratio of 1: f 1) by the common-source
(CS) amplifiers. They are then summed and converted to voltages at the outputs of these CS amplifiers.

The wideband receiver is designed based on the domestic GaAs pHEMT technology using Micro-
wave Office circuit design tool (Fig. 3a). MMIC topology of the receiver designed on its basis (Fig. 35).
Its performances are shown in Table.

Table
Performances of the wideband receiver

Parameters Value
Frequency band of input signal, GHz 0.3-3
Gain, dB 15
Noise figure, dB <4
Out-of-band I1P3, dBm 8
HR3, dB 50
HRS, dB 52

where HR3 and HRS are the ratios of the conversion gain for the desired signal to that for the signals at
3" and 5" harmonics respectively.

The frequency band of the receiver is reduced compared to the frequency band of LNA due to the
parasitic elements of the switches. Simulation results show that if the LNA does not use the inductors
(L,,L,, L,), the frequency band of receiver is only 0.3—1.5 GHz.

Conclusion

The design of wideband receiver with enhanced frequency band using Miller N-path bandpass filter
is described. By using inductors to compensate the parasitic capacitances, the bandwidth of the LNA
is significantly increased from 0—2.3 GHz to 0—5 GHz, thereby increasing the receiver frequency to
0.3—3 GHz. The MMIC topology of the receiver is designed and simulated based on the domestic GaAs
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pHEMT technology using Microwave Office circuit design tool. The performances of the receiver in its
frequency band: gain is 15 dB, noise figure is < 4 dB, out-of-band I1P3 is § dBm, HR3 and HR5 are 50
and 52 dB, respectively.
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