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ABSTRACT This paper presents a broadband receiver architecture with series and parallel channelization.
The proposed architecture decomposes the broadband incident spectrum intomultiple channels, and achieves
fast switching time, while using the single synthesizer with a fixed local oscillator (LO) frequency. Channel-
ized receiver is a good candidate for critical RF processing tasks, such as data conversion, broadband radio,
and spectrum analysis. The key feature of the proposed channelized receiver is the decomposition of the
broadband frequency spectrum through parallel band partition and series channel selection. Relevant design
challenges of the channelization receiver are discussed. In addition, the radio impairments determining the
key performance of the radio are analyzed. The prototype receiver front-end was designed and implemented
in 45 nm CMOS technology to demonstrate the effectiveness of the proposed architecture. The receiver
front-end prototype splits an input spectrum of dc-40 GHz into four sub-bands with 10 GHz IF bandwidth
and dissipates the average power of 33 mA and 60 mA from RF and LO blocks, respectively, while achieving
<5 dB NF and <−145 dBc/Hz phase noise.

INDEX TERMS Channelization, broadband, wideband, receiver, cognitive radio, spectrum sensing,
software-defined radio.

I. INTRODUCTION
Plethora of wireless communication standards exist in the
radio frequency regime. The number of wireless devices will
be increased rapidly in the future due to numerous wireless
sensors and wearable devices. Thus, future communication
devices need to operate under spectral crowding and reduced
channel capacity. Under the spectrum congested environ-
ment, Cognitive Radio (CR) [1] attempts to achieve an effi-
cient spectrum utilization and, therefore, have drawn strong
attentions from the scientific community.

CR requires broadband spectrum analysis with the fre-
quency agility. Direct time-domain sampling and digitization
over a multi-GHz bandwidth is a straightforward approach
denoted as Software-Defined Radio (SDR). SDR [2], [3] puts
very stringent requirements on the ADC in terms of dynamic
range, speed, and noise. Then, it is not a reality yet even with
the state-of-the-art technologies [4].

Frequency channelization is an attractive alternative to
direct time-domain sampling and digitization of the full
input spectrum. Channelization receiver decomposes the

broadband input signal into multiple channels. Channelized
signals are subsequently digitized by multiple ADC with the
relaxed requirements on the performance.

R. Gharpurey and P. Kinget [5] proposed the iterative down
conversion architecture to achieve the frequency channel-
ization and the agile spectrum analysis. T.-L. Hsieh et al. [6]
utilized the iterative down conversion architecture to the Ultra
Wide-Band (UWB) radio system to detect the in-band inter-
ferences acutely. In [7], 3-way iterative down conversion is
presented to improve the channel-to-channel signal leakage
and minimize the number of iterative down conversion under
the same frequency channelization condition.

All the reported works [5]–[7] utilize the iterative down
conversion as a vehicle to achieve the frequency channeliza-
tion. As the number of channels to be decomposed increases,
the number of iterative down conversion increases leading to
worse channel-to-channel signal leakage and spurious perfor-
mance. The bandwidth of the input spectrum to be analyzed
is limited by the bandwidth of the low noise amplifier (LNA)
and the first-stage mixer in the signal path. Without any
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pre-filtering in the RF front-end, the dynamic range (DR)
performance of the receiver is severely impaired by the inter-
ferences and jammers.

In this paper, we propose the channelization receiver archi-
tecture adopting series and parallel channelization. The front
end of the channelization receiver decomposes the input
spectrum into contiguous and equidistant sub-bands that are
mapped into the same frequency spectrum. The back-end
performs an iterative down conversion and completes the
channelization. The proposed architecture performs the fre-
quency decomposition in two-dimensional space and thus
increases the operation bandwidth and DR of the receiver.
Each sub-band can be optimized separately due to the parallel
decomposition in the front-end of the channelization receiver
and can provide better figure of merit than previous published
methods. The bandwidth of the incident spectrum at the back-
end is reduced by the number of the partition in the front-end.
Doubly terminated ladder filter along with harmonic rejec-
tion mixer iteratively down-converts the signal with much
less spurious and leakage signal. LO signal for each mixer
is provided through on-chip frequency dividers whose first
stage is injection locked to 40GHz off-chip reference source.

This paper is organized as follows. Section II reviews sev-
eral channelized receiver architectures and their limitations.
In Section III, the principle of the proposed channelization
receiver is presented followed by the discussion of the design
challenges and system impairments in Section IV. The pro-
totype DC-40GHz receiver front-end is implemented in the
mainstream CMOS technology and the simulation results of
the prototype receiver front-end are provided in Section V.
Concluding remarks are given in Section VI.

II. RF CHANNELIZATION RECEIVER: PRIOR WORK
A. FREQUENCY SYNTHESIZER BASED RECEIVER
FOR RF CHANNELIZATION
Before exploring the properties of the prior works in the
channelization receiver architecture, it is helpful to discuss
why the conventional frequency synthesizer based receiver
is not suitable for the broadband spectrum analysis with the
frequency scanning agility.

FIGURE 1. Frequency synthesizer based receiver for RF channelization:
single path.

Fig. 1 shows the direct conversion receiver with the sin-
gle signal path. Sequential spectrum scanning is performed
with the PLL’s frequency sweep. Many difficulties lie in
this architecture to achieve the broadband operation with
fast frequency scanning. First of all, PLL with broadband
reference frequency generation is not trivial. For instance,

FIGURE 2. Frequency synthesizer based receiver for RF channelization:
parallel path.

FIGURE 3. Cascaded mixer for the single-side-band frequency conversion.

the work in [8] adopts two PLLs, five single-sideband (SSB)
mixers, and two multiplexers for 3.1-10.6GHz UWB radio
system. Secondly, even though a single PLL can provide the
broadband spectrum scanning, the hopping time between the
channels limits the total scanning time. Given the number of
total channel N , let the frequency hopping time and analysis
time are Thop and Tanalysis, respectively. The total time for
scanning is expressed by

Ttotal = N ·
(
Thop + Tanalysis

)
. (1)

To improve the hopping time, the bandwidth of the PLL needs
to be widened but the maximum bandwidth is dictated by
the Gardener’s stability limit, roughly one-tenth of the PLL
reference frequency [9].

Fig. 2 shows the direct conversion receiver with multiple
down-conversion mixers and PLLs for the broadband spec-
trum scanning. The spectrum scanning time is reduced by the
number of parallel paths (M ). However, a large loading due
to the parallel down converter lowers the bandwidth of the
broadband LNA. Chip size grows linearly as the number of
parallel path is increased. Moreover, multiple PLLs on the
same chip incur spurious coupling leading to unwanted spurs.

B. ITERATIVE DOWN CONVERTER FOR RF
CHANNELIZATION
Channelization receiver [5]–[7], [10] based on the itera-
tive down conversion solves the aforementioned problems
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FIGURE 4. (a) Block diagram of the sequential channelizer and (b) block diagram of the concurrent channelizer [5].

with the frequency synthesizer based receiver. Channelization
through iterative down conversion is best illustrated with the
cascaded mixing stage shown in Fig. 3. First mixing stage is
the I/Q mixer used as a simple down-converter. Subsequent
mixing stage is the complex I/Q mixer (or double quadrature
mixer). Inter-stage switch is utilized to determine the polarity
of the complex mixing stage. For the direct path (state A),
the outputs of the final stage are derived as (2), shown at the
bottom of this page. With the state B in Fig. 3, the quadrature
outputs are given by (3), shown at the bottom of this page.

Thus, according to the switch configuration, cascaded
mixer stages generate the effective LO of ωLO ± ωLO

2 . With
N down conversion stages, the effective LO (ωeff ) is then

ωeff = ωLO ±
ωLO
2
±
ωLO
4
± · · · · · · ±

ωLO
2N−1

. (4)

Through the iterative down conversion, the input spectrum
is bifurcated in each stage [6]. Selection of the upper- or
the lower-side-band with respect to each LO frequency is
achieved by the switch configuration. The number of itera-
tive down converter determines the channel number and its
spacing (M = 2N−1 and BWchannel =

BW
M ). The input

spectrum is channelized and the entire spectrum is scanned
sequentially with the proper selection of each down (up)
conversion stage. The PLL only needs to operate at the single
reference frequency, obviating the need for broadband refer-
ence frequency generation. Frequency divider and SSBmixer

generate sub-harmonics of the reference frequency and these
sub-harmonics as well as the reference frequency from the
PLL is the LO signal of iterative down (up) conversion mixer.
Frequency hopping time between the channels is not dictated
by the loop behavior of PLL. The bifurcation process during
each stage is very fast due to the open-loop switch’s ON/OFF.
The block diagram of the receiver in Fig. 4(a) illustrates the
implementation of 8 channelization with 4 iterative down
converters.

Instead of the bifurcation process due to the switch set-up,
concurrent channelizer in Fig. 4(b) bisects the channels for
each down convertor and unfolds them. The benefit with the
approach is the concurrency due to the unfoldment of all the
channels. However, the area of the channelization receiver
is increased linearly in accordance with the number of
channels.

3-way iterative down conversion technique proposed in [7]
is based on the observation that the lower frequency spectrum
does not require iterative down conversion but the low pass
filtering to be channelized. Iterative down conversion for this
low frequency channel is effectively moving the channel up
and down and thus it is creating unnecessary spurious and
signal leakages due to harmonics and image signals.

III. PROPOSED CHANNELIZATION RECEIVER
As a counterpart of CR in the military regime, Electronic
Warfare (EW) receiver requires fast frequency spectrum anal-

voutI ,down(t) = vin(t) ·
[
cos(ωLOt)cos

(
ωLOt
2

)
+ sin(ωLOt)sin

(
ωLOt
2

)]
= vin(t) · cos

(
ωLOt
2

)
.

voutQ,down(t) = vin(t) ·
[
sin(ωLOt)cos

(
ωLOt
2

)
− cos(ωLOt)sin

(
ωLOt
2

)]
= vin(t) · sin

(
ωLOt
2

)
. (2)

voutI ,up(t) = vin(t) ·
[
sin(ωLOt)cos

(
ωLOt
2

)
+ cos(ωLOt)sin

(
ωLOt
2

)]
= vin(t) · cos

(
3ωLOt

2

)
.

voutQ,up(t) = vin(t) ·
[
cos(ωLOt)cos

(
ωLOt
2

)
− sin(ωLOt)sin

(
ωLOt
2

)]
= vin(t) · sin

(
3ωLOt

2

)
. (3)
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ysis with high dynamic range. In this work, we aim to
develop 20MHz-40GHz broadband channelization receiver
with >1GHz spectrum analysis bandwidth to support the
next-generation EW receiver in order to achieve electronic
intelligence gathering. The target minimum detectable signal
and dynamic range for this receiver is −70dBm and 80dB,
respectively. With the help of the gain control in the receiver,
the entire system is predicted to operate from −70dBm to
+10dBm.

The proposed channelization receiver adopts the zero-IF
topology for the baseband demodulation. Frequency opera-
tion from 20MHz to 40GHz along with >1GHz spectrum
analysis bandwidth dictates the number of channels to be less
than 40. Then, we chose 32 channels due to binary frequency
scaling of the iterative down conversion process. To perform
I/Q processing, six (log2 (32) + 1) down conversions are
required. The PLL only needs to operate at 40GHz and the
frequency divider chain generates 20GHz to 0.625GHz in a
binary fashion. With the I/Q processing at the baseband, the
analysis bandwidth amounts to 1.25GHz, which satisfies the
>1GHz target bandwidth.

FIGURE 5. Block diagram of the sequential 40GHz bandwidth
channelization receiver.

The initial system architecture based on this system
requirement results in the architecture shown in Fig. 5.
The bottleneck with this approach, which is identical to the
sequential iterative down conversion receiver, is the necessity
of the broadband and high performance front-end (LNA and
first-stage mixer) for 20MHz-40GHz operation bandwidth.
For the design of the LNA, distributed amplifier (DA) might
be able to achieve the required bandwidth [11]–[13]. How-
ever, the implementation of the DA comes with large area and
power penalty. Its noise figure (NF) is poor due to the limited
quality factor of the on-chip passive devices. The dynamic
range of the receiver is severely degraded due to the void of
pre-filtering.

In order to overcome the aforementioned problemswith the
approach in Fig. 5 (similarly, Fig. 4). We propose the chan-
nelization receiver utilizing series and parallel channelization
shown in Fig. 6. Series channelization refers to the iterative
down conversion of the back-end, which is similar to the
conventional approach. Instead of processing the broadband
20MHz-40GHz signal without any pre-filtering, coarse chan-
nelization (or band segmentation) is performed with parallel
front-end signal paths. The proposed architecture performs
the frequency decomposition in two-dimensional space and
thus improves the dynamic range performance of the receiver.

Total number of channelization (M ) depends on the band
segmentation (Nband ) and the iterative down conversion (Nidc)
as shown below.

M = Nband · 2Nidc−1. (5)

The number of parallel front-end is determined by several
requirements including the system operating condition. In
this work, four band sections are adopted to fully utilize the
divide-by-2 operation in the LO path. Support of 10GHz
(= BW

Nband
) operation bandwidth for each band is also reason-

able from the bandwidth coverage, out-of-band interference
rejection, and performance optimization perspectives.

The front-end performance is optimized for each band
segmentation and thus can provide better figure of merit than
DC-40GHz single-path front-end solution. Off-chip band-
pass and low-pass filters provide good rejection for out-of-
band blockers and relax the linearity requirements for each
path’s LNA and mixer. For instance, the uppermost path in
Fig. 6 requires 30-40GHz operating LNA and single-stage
mixer with the LO frequency of 30GHz. The down conver-
sion mixer in this path converts the signal to DC-10GHz
bandwidth that is further handled by the back-end serial
channelizer.

The iterative down conversion for the back-end performs
the channelization of the DC-10GHz signal after the front-
end maps the decomposed input spectrum into the same
frequency range. All the mixers except the first stage is the
double quadrature mixer with quadrature RF and LO due to
the previous mixing action and divide-by-2 flip-flops, respec-
tively. The first stage mixer, however, has two modes of oper-
ation. For 20MHz-10GHz input spectrum, the front-end only
amplifies the input signal without the down-conversion. The
first stage mixer of the back-end is the first down-conversion
and therefore works as an I/Qmixer with quadrature LO only.
For other bands (10GHz-40GHz), the first stage mixer of the
back-end performs the double quadrature mixing.

All the LO signals for each mixer are derived from the
40GHz reference signal except 30GHz LO for the 30-40GHz
band. In our work, 30GHz LO is generated by the SSBmixing
operation of 10GHz and 20GHz LO signals, which are avail-
able already. Alternatively, iterative down conversion with
20GHz and 10GHz LO can be utilized instead of generating
30GHz LO signal due to the double quadrature mixing. The
former approach is adopted here since it does not impair the
receiver’s minimum detectable signal performance as long as
the phase noise of the SSB mixing is sufficiently good. The
latter approach, on the other hand, directly impacts the noise
figure of the system since the LNA’s gain is limited at this
high frequency and the noise folding due to iterative down
conversion severly degrades the noise figure.

IV. DESIGN CHALLENGES AND SYSTEM IMPAIRMENTS
A. MINIMUM DETECTABLE SIGNAL AND
DYNAMIC RANGE
The target minimum detectable signal (MDS) and dynamic
range (DR) of the broadband receiver is −70dBm and 80dB,
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FIGURE 6. Block diagram of the proposed 40GHz bandwidth channelization receiver.

respectively. To ensure the target MDS with broadband oper-
ation, thermal noise, non-linearity, and phase noise needs to
be considered together and the requirement can be stated as
follows.

NR + Nrm + P2nd + P3rd ≤ −70dBm, (6)

where NR is the receiver thermal noise power, Nrm is the
noise power due to reciprocal mixing, and P2nd and P3rd
are the inter-modulation power due to 2nd - and 3rd -order
non-linearity of the receiver whose noise powers due to each
sources are determined based on the following relations.

NR [dBm] = −174+ 10 · log10 (BW )+ NF + IL, (7)

Nrm [dBm] = Pjam + PNR + 10 · log10 (BW )+ IL, (8)

P2nd [dBm] = 2Pjam − IIP2 + IL, (9)

P3rd [dBm] = 3Pjam − 2IIP3 + IL, (10)

where NF is the receiver noise figure, IL is the insertion
loss of the font-end module, PNR is the phase noise of the
receiver, Pjam is the interference (jammer) power incident
along with the weak desired signal, and BW is the analysis
bandwidth.

80dB of DR is impractical from the receiver performance
as well as the ADC performance perspective that is to dig-
itize the channelized spectrum. For instance, weak desired
signal at −70dBm along with +10dBm interferences require
50dBm of IIP3 and 90dBm of IIP2 in order to reduce the in-
band inter-modulation power below the desired signal. The
required linearity performance is not achievable even with
the passive device circuits such as passive attenuator [14].
From the ADC performance perspective, minimum ENOB
required is 13 bit with 1.25GSample/s. State of the art ADC in
recent literature obtains approximately 9dB ENOB only with
>1GSample/s sampling rate [15], [16]. Then, the receiver
gain line-up needs an adjustment for different input power

FIGURE 7. With far-out phase noise as a parameter, maximum NF
allowed versus: (a) IIP2 and (b) IIP3 .

ranges and instantaneous DR is targeted for 40dB with the
single gain line-up.

To define the target specifications with the single gain line-
up, IIP2 (& IIP3), NF, and PNR are calculated with (6) as
a constraint. The insertion loss (IL) of the front-end module
is assumed 2dB. Then, with the far-out phase noise of the
receiver as a parameter, maximum allowed NF versus IIP2
and IIP3 are plotted in Fig. 7(a) and Fig. 7(b), respectively.
In Fig. 7(a), the noise contribution due to IIP3 is assumed
negligible, and vice versa in Fig. 7(b). The allowed max-
imum NF becomes quickly degraded when IIP2 and IIP3
gets lower than 20dBm and −6dBm, respectively. It can
be found also that the effect of reciprocal mixing due to
the phase noise of the receiver is minimal as long as the
far-out phase noise (PNR) is lower than −145dBc/Hz. With
PNR = −145dBc/Hz, IIP2 = 20dBm, and IIP3 = −6dBm,
the receiver NF needs to be <8dB to satisfy the target MDS.
There exists an additional noise degradation due to the recip-
rocal mixing of the phase noise spectrum by the in-band
thermal noise (No) itself. Added noise density due to the
phase noise is calculated by [17].

NPN = No ·
∫
∞

−∞

SLO (ω) dω, (11)
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where SLO (ω) is the phase noise of the receiver. With
−145 dBc/Hz of phase noise derived from the reciprocal mix-
ing of the interferences, the added noise density is minimal
with less than 0.1dB loss in the MDS.

The derived target specification above is to guarantee the
target MDS and instantaneous DR of 40dB with the single
gain line-up. With the help of variable gain in the receiver
signal chain, the overall DR of 80dB needs to be satisfied
with reasonable ADC ENOB and sampling rate. Based on
the high-speed ADC works in the recent literature [15], [16],
we assume 8bit ENOB and 3GSample/s with 3dBm full-scale
(FS). Quantization noise floor of the ADC is then −47dBm.
With the signal power at the MDS level, receiver gain prior to
A/D conversion should be sufficiently high such that the the
noise due to the receiver dominates the detection SNR and the
degradation due to the quantization noise is minimal. Then,
the receiver gain of minimum 39dB positions the receiver
noise power at −31dBm. Quantization noise power is 16dB
lower than the receiver noise and, thus, the added noise due
to the ADC is less than 0.1dB. On the other hand, when
the receiver handles the large input signal, the receiver gain
needs to be lowered not to saturate the receiver nor overload
the ADC. To allow any envelope variation of the received
signal, the receiver gain needs to be −13dB or below. As
a result of these considerations, Fig. 8 depicts the variable
gain requirement for the proposed receiver with 8bit ADC
(i.e., 50dB dynamic range).

FIGURE 8. Variable gain requirement for the proposed receiver.

B. IMAGE REJECTION
The proposed receiver adopts the direct-conversion (zero-IF)
architecture with cascaded down conversion. Direct-
conversion receiver in general requires relaxed quadrature
accuracy since the quadrature mismatch superposes a small
fraction of the spectrally inverted desired signal on to
itself [4]. With super-heterodyne receiver architecture, on the
other hand, the receiver has to endure unwanted channel

signal that can be +40dB higher than the desired signal
strength.

With gain mismatch of g and phase mismatch of θ , the
image rejection ratio, or the residual side-band suppression
ratio (RSB), is widely known and is expressed below [18].

RSBsingle =
1− 2 (1+ g) cos (θ)+ (1+ g)2

1+ 2 (1+ g) cos (θ)+ (1+ g)2
. (13)

Under small imbalance conditions (e.g., g < 0.1, θ < 3◦ ·
π/180rad/s), The RSB can be approximated as

RSBsingle ≈
(g)2 + (θ)2

4
. (14)

25dBc of image rejection is readily achievable with single
down conversion mixer. For instance, g < 0.1 (0.8dB),
θ < 3◦ · π/180rad/s gives 25.3dBc from (13). On the other
hand, with the proposed channelization receiver, the image
rejection performance needs a careful attention due to the
cascaded down conversion nature. To quantify the effect of
cascaded down-conversion, complex I/Q mixer (2nd mixer
in Fig. 3) is analyzed with imbalance conditions for both the
RF and LO signals. The image rejection ratio of the complex
mixer is derived and is shown in (12), at the bottom of this
page. Note that (12) is considered to be the image rejection
ratio of the cascaded down-conversion in Fig. 3.

Under small imbalance conditions for the cascaded down
converter, the cascaded RSB is approximated as

RSBcascaded ≈
(g1 + g2)2 + (θ1 + θ2)2

4
. (15)

If the number of the iterative down conversion is N (= 5 in
our work), (15) is extended to the following.

RSBgeneral ≈

(
N∑
i=1

gi

)2

+

(
N∑
i=1
θi

)2

4
. (16)

Imbalances (i.e., gain and phase mismatches) due to each
mixer stage are random processes and are statistically inde-
pendent to each other. Then, under the assumption that vari-
ance of each mixer stage’s gain and phase mismatches are the
same, the root-mean-square (rms) values of the total gain and
phase mismatch are given by

σg,total =

√
σ 2
g1 + σ

2
g2 + · · · + σ

2
gN =

√
Nσg (17)

σθ,total =

√
σ 2
θ1
+ σ 2

θ2
+ · · · + σ 2

θN
=
√
Nσθ (18)

Thus, each mixer stage needs to have 1/
√
(N ) better mis-

match parameter with N cascaded down conversion. For
instance, in order to achieve 25dBc of image rejection for the
proposed receiver, each mixer stage needs to have g < 0.045
(0.4dB), θ < 1.34◦ · π/180rad/s with 5 down conversion
stages.

RSBcascaded =
1− 2 (1+ g1) (1+ g2) cos (θ1 + θ2)+ [(1+ g1) (1+ g2)]2

1+ 2 (1+ g1) (1+ g2) cos (θ1 − θ2)+ [(1+ g1) (1+ g2)]2
. (12)
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FIGURE 9. Attenuation of the out-of-band blocker at fs − fBW as a
function of the filter order and the ADC sampling rate.

C. CHANNEL SELECTION
Channel selection filtering can be performed in RF domain,
analog (baseband) domain, or the combination of both.
In practical implementation, the required quality factor
(Q = ωo

BW ) of the channel selection filter is prohibitively
large at RF domain where the filtering is in the form of
band-pass with high center frequency (ωo). Thus, most of the
channel selection is performed in the analog domain for zero-
IF receivers [4], [19], [20].

Channel selection filter then helps to attenuate the close-in
blockers and prevents the overloading of the ADC. In addi-
tion, the limitation of the baseband signal bandwidth before
sampling avoids the degradation in SNR due to the alias-
ing of the out-of-channel blockers and noise. If the sig-
nal bandwidth and the sampling frequency are fBW and
fs, respectively, the power of the blocker signal located at
fs − fBW should be sufficiently suppressed with the chan-
nel selection filter. All-pole filter and Nyquist rate ADC
are discussed here to determine the order of the baseband
lowpass filter. The attenuation of a Butterworth lowpass
filter has a constant roll-off of 20dB/decade/pole and thus,
the attenuation at the fs − fBW frequency can be expressed
as follows.

L (f ) = 10 · log10

(
1+

(
fs − fBW

fc

)2np
)
, (19)

where np and fc are the order and the cut-off frequency of
the baseband filter. fc needs to be identical to the signal
bandwidth (fBW ) of each I/Q outputs, which is 0.625GHz
in this proposed channelization receiver. Fig. 9 shows the
filtering effect of the blocker signal at fs − fBW versus
the filter order (np) and the normalized sampling frequency
(fn =

fs
2fBW

). 4th order Butterworth filter and 3GSam-
ple/S Nyquist ADC provide 46dB of filtering for the
out-of-band jammer at the worst-case anti-aliasing frequency.
With instantaneous target DR of 40dB, this filter order is
plausible as the channel selection filter as well as the anti-
aliasing filter of the ADC.

D. HARMONIC REJECTION
Frequency translation due to the mixer stage is achieved by
various mechanisms. Linear, time-invariant system cannot
generate any new spectral components and thus, mixer must
be either non-linear or time-varying system [21], [22]. Mixers
based on the non-linearity (e.g., square-lawmixer) is not used
for high performance receiver due to the poor conversion gain
and noise level. Mixer utilizing the switching operation is
superior to the former in its performance. However, odd har-
monics of LO frequency is frequency translated and corrupts
the baseband signal spectrum.

Harmonic rejection mixer [23], [24] is the remedy for the
spectrum corruption due to the odd harmonic frequency com-
ponents but require 3-path phase shifted LO signals. Also,
the harmonic rejection ratio is typically limited to <40dB
and places the fundamental limitation. 3-phase (−45◦, 0◦,
and +45◦) and amplitude scaled (1/

√
2, 1, and 1/

√
2) LO

signals can in principle reject the 8k+3 and 8k+5 harmonics
(k = 0, 1, 2, . . .). With the 3-phase LO signal with the given
relationship, LO signal for the harmonic rejection mixer can
be represented by

ρ0(t) =
∞∑
n=1

an · exp(jnωot), (20)

ρ1(t) =
1
√
2
· ρ0

(
t −

T
8

)
, (21)

ρ2(t) =
1
√
2
· ρ0

(
t +

T
8

)
, (22)

where T is the period of LO signal. Then, the effective LO
signal of the harmonic rejection mixer is derived as below.

ρ(t) = ρ0(t)+ ρ1(t)+ ρ2(t),

=

∞∑
n=1

an
[
1+
√
2 · cos(

n
4
π )
]
· exp(jnωot). (23)

For n = 8k + 3 and n = 8k + 5, there exists no harmonic
components. Only for other odd harmonics, mixer properly
translates the desired RF signal to IF signal. Besides the
fundamental harmonic, the first undesired harmonic is at 7th,
which can be easily filtered out. Similar to the finite image
rejection ratio due to mismatches, harmonic rejection ratio is
limited and their rejection ratios for the 3rd and the 5th are
shown in Fig. 10. As can be seen from Fig. 10, Satisfying
>40dB of harmonic rejection is not trivial and require precise
matching performance (α < 0.01 (0.09dB), θ < 0.5◦ ·
π/180rad/s) for the 3rd and the 5th harmonics.

The parallel channelization (band segmentation) in the pro-
posed architecture limits the blocker signal at the harmonic
frequency and eases the harmonic rejection requirement of
the following mixers. The blockers at the harmonic frequency
of the back-end channelizer is then attenuated by the LNA,
mixer, and off-chip front-end module. In addition, the input
spectrum of the back-end serial channelization stage is lim-
ited to DC-10GHz. The back-end serial channelizer operates
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FIGURE 10. Harmonic rejection ratio with gain (α) and phase (θ)
mismatches: (a) 3rd harmonic and (b) 5th harmonic.

FIGURE 11. Block diagram of the back-end unit.

at the reduced input bandwidth and thus, can utilize the
harmonic rejection mixer with minimum power penalty.

After four parallel bands are combined through the on-chip
switches, there exists the buffer stage with doubly terminated
ladder filter as shown in Fig. 11. The purpose of the buffer
stage is to endure large parasitics at the combining node
due to many parallel connections and long signal routings.
Ladder filter is incorporated as the buffer stage load network
and provides wide bandwidth by nulling out the parasitics
of the buffer output and the mixer input. The filter provides
the filtering for the out-of-band blockers and limits the noise
bandwidth for the following mixer stage as well. The blocker
frequency for the 3rd harmonic of the first mixer at the back-
end is 15GHz. With the 5 ladder filter stages implemented
in our work, the blocker is attenuated by 17.7 dB from (19).
Then, harmonic rejection mixer at the back-end operates with
more benign matching requirement. The receiver require-
ments discussed in this section are summarized in Table 1.

V. SIMULATION RESULTS
The prototype receiver front-end was designed and
implemented in TSMC 45nm RF CMOS technology. Fig. 12
illustrates system architecture of the channelized receiver
front-end and its LO chains. The broadband input is parti-
tioned into 4 channelized sub-bands with 10GHz BW. Off-
chip source is used to inject the 40GHz reference clock signal
and two-stage divide-by-2 generates the required 20GHz and
10GHz LO signals for band2 and band1, respectively. The
30GHz LO signal for band3 is generated through SSBmixing
operation.

LNAs for each sub-bands are implemented as a two-stage
amplifier. Band2 and band3 LNAs are inductively generated
common-source amplifiers [25], [26] and their frequency
responses are stagger-tuned to cover 10GHz band coverage.
Band1 and band0 LNAs are inverter-type complementary
MOS amplifiers [27] due to their good power-efficiency and

TABLE 1. Receiver system budget.

FIGURE 12. Schematic of the channelization receiver front-end.

FIGURE 13. Chip layout of the channelization receiver front-end.

linearity property. Mixers for band1-band3 adopts the same
topology of the complementary Gilbert-Cell mixer with cur-
rent reuse. 4 to 1 RF switch subsequently selects the desired
sub-band. Post-amplifier and 5-stage ladder low-pass filter
limits the high frequency signals and noise as well for the
following back-end stages, which are not included in this
prototype.

Fig. 13 shows the chip layout of the channelized receiver
front-end. The system occupies 1.6mm by 0.9mm includ-
ing the pads. Front-end sub-bands and LO blocks are
placed to minimize the interconnection between RF and LO
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FIGURE 14. S11 of the channelization receiver front-end.

FIGURE 15. Conversion-gain of the channelization receiver front-end.

for band 2 and band3. The 5-stage ladder filter requires 4
inductors for each I/Q stage and occupies most of the back-
end area.

Fig. 14 shows the simulated impedance match (S11) of the
proposed channelization receiver front-end. The S11 of the
band0-band2 shows better than−10dB and band3 marginally
meets −8dB at the edge of the band. Simulated conversion-
gain of 4 sub-bands are shown in Fig. 15. The conversion gain
shows >13dB. Within each sub-bands, the gain variation is
less than 3dB.

The phase noise of the channelization receiver-front end is
simulated with noisy external signal generator1 as shown in
Fig. 16. The target specification of −145dBc/Hz is satisfied
for >10MHz offset frequencies for all sub-bands.

Fig. 17 shows the simulated noise figure of the channelized
receiver front-end. NF is less than 5dB when it is thermal
noise limited. The flicker noise corner (3dB above the flat
region, NFthermal = NFflicker ) is observed around 20-40MHz
IF frequencies.

1The phase-noise was obtained from the data sheet of Keysight Technolo-
gies analog signal generator E8257D PSG and was used in simulations.

FIGURE 16. Phase Noise of the channelization receiver front-end.

FIGURE 17. NF of the channelization receiver front-end.

VI. CONCLUSIONS
This paper has presented a broadband channelization receiver
architecture along with its design challenges and system
analysis. The proposed channelization receiver architecture
adopts the parallel band partition at the front-end and the
series channelization at the back-end. The parallel band par-
tition at the front-end relaxes the signal condition due to
the interferences and eases the optimization per sub-band.
The serially channelized receiver back-end enables the agile
frequency scanning and simple LO signal chain consisting
of successive divide-by-2 and the single SSB mixer. Sys-
tem analysis with consideration of multitude receiver impair-
ments shows that the spectrum agile frequency spectrum
receiver with−70dBm minimum detectable signal and 40dB
instantaneous dynamic range is achievable with 8bit ENOB
ADC.

The prototype receiver front-end is implemented in TSMC
45nm CMOS technology as a proof of concept for the
broadband receiver front-end solution. The receiver front-
end shows<5dB NF and<−145dBc/Hz phase noise perfor-
mance, which meet the target specifications for the spectrum
sensing receiver. With 1.1V supply, the prototype receiver
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front-end dissipates 33mA and 60mA from the signal-path
and LO path, respectively when each band’s current con-
sumption is averaged.

REFERENCES
[1] J. Mitola and G. Q. Maguire, Jr., ‘‘Cognitive radio: Making software radios

more personal,’’ IEEE Pers. Commun., vol. 6, no. 4, pp. 13–18, Apr. 1999.
[2] J.Mitola, ‘‘The software radio architecture,’’ IEEECommun.Mag., vol. 33,

no. 5, pp. 26–38, May 1995.
[3] J. A.Wepman, ‘‘Analog-to-digital converters and their applications in radio

receivers,’’ IEEE Commun. Mag., vol. 33, no. 5, pp. 39–45, May 1995.
[4] R. Bagheri et al., ‘‘An 800-MHz–6-GHz software-defined wireless

receiver in 90-nm CMOS,’’ IEEE J. Solid-State Circuits, vol. 41, no. 12,
pp. 2860–2876, Dec. 2006.

[5] R. Gharpurey and P. Kinget, ‘‘Channelized front ends for broadband ana-
log & RF signal processing with merged LO synthesis,’’ in Proc. IEEE
Dallas. Circuits Syst. (DCAS), Oct. 2009, pp. 1–4.

[6] T.-L. Hsieh, P. Kinget, and R. Gharpurey, ‘‘A rapid interference
detector for ultra wideband radio systems in 0.13 µm CMOS,’’ in
Proc. IEEE Radio Freq. Integr. Circuits (RFIC) Symp., Jun./Apr. 2008,
pp. 347–350.

[7] K. Tripurari et al., ‘‘RF channelizer architectures using 3-way iterative
down conversion for concurrent or fast-switching spectrum analysis,’’
Analog Integr. Circuits Signal Process., vol. 88, no. 2, pp. 185–206,
Aug. 2016.

[8] C.-F. Liang, S.-I. Liu, Y.-H. Chen, T.-Y. Yang, and G.-K. Ma,
‘‘A 14-band frequency synthesizer for MB-OFDM UWB application,’’ in
IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2006,
pp. 428–437.

[9] F. Gardner, ‘‘Charge-pump phase-lock loops,’’ IEEE Trans. Commun.,
vol. COM-28, no. 11, pp. 1849–1858, Nov. 1980.

[10] A. Medi and W. Namgoong, ‘‘A high data-rate energy-efficient
interference-tolerant fully integrated CMOS frequency channelized UWB
transceiver for impulse radio,’’ IEEE J. Solid-State Circuits, vol. 43, no. 4,
pp. 974–980, Apr. 2008.

[11] E. L. Ginzton, W. R. Hewlett, J. H. Jasberg, and J. D. Noe, ‘‘Distributed
amplification,’’ Proc. IRE, vol. 36, no. 8, pp. 956–969, Aug. 1948.

[12] B. Kleveland, C. H. Diaz, D. Vook, L. Madden, T. H. Lee, and
S. S. Wong, ‘‘Monolithic CMOS distributed amplifier and oscillator,’’ in
IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 1999,
pp. 70–71.

[13] B. M. Ballweber, R. Gupta, and D. J. Allstot, ‘‘A fully integrated
0.5–5.5 GHz CMOS distributed amplifier,’’ IEEE J. Solid-State Circuits,
vol. 35, no. 2, pp. 231–239, Feb. 2000.

[14] J. Bae, J. Lee, and C. Nguyen, ‘‘A 10–67-GHz CMOS dual-function
switching attenuator with improved flatness and large attenuation range,’’
IEEE Trans. Microw. Theory Techn., vol. 61, no. 12, pp. 4118–4129,
Dec. 2013.

[15] Y.-Z. Lin, C.-H. Tsai, S.-C. Tsou, and C.-H. Lu, ‘‘A 8.2-mW 10-b
1.6-GS/s 4× TI SAR ADC with fast reference charge neutralization and
background timing-skew calibration in 16-nm CMOS,’’ in Proc. IEEE
Symp. VLSI Circuits, Jun. 2016, pp. 1–2.

[16] J. Wu et al., ‘‘A 4GS/s 13b pipelined ADC with capacitor and ampli-
fier sharing in 16 nm CMOS,’’ in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2016, pp. 466–468.

[17] J. Ko, J. Kim, S. Cho, and K. Lee, ‘‘A 19-mW 2.6-mm2 L1/L2
dual-band CMOS GPS receiver,’’ IEEE J. Solid-State Circuits, vol. 40,
no. 7, pp. 1414–1425, Jul. 2005.

[18] B. Razavi, RF Microelectronics. Englewood Cliffs, NJ, USA:
Prentice-Hall, 1998.

[19] J. Kim and J. Silva-Martinez, ‘‘Low-power, low-cost CMOS direct-
conversion receiver front-end for multistandard applications,’’
IEEE J. Solid-State Circuits, vol. 48, no. 9, pp. 2090–2103, Sep. 2013.

[20] R. Kulkarni, J. Kim, H.-J. Jeon, J. Xiao, and J. Silva-Martinez, ‘‘UHF
receiver front-end: Implementation and analog baseband design consider-
ations,’’ IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 20, no. 2,
pp. 197–210, Feb. 2012.

[21] A. V. Oppenheim, A. S. Willsky, and S. H. Nawab, Signals and Systems,
2nd ed. Englewood Cliffs, NJ, USA: Prentice-Hall, 1997.

[22] T. H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits,
2nd ed. Cambridge, U.K.: Cambridge Univ. Press, 2004.

[23] J. A. Weldon et al., ‘‘A 1.75-GHz highly integrated narrow-band CMOS
transmitter with harmonic-rejection mixers,’’ IEEE J. Solid-State Circuits,
vol. 36, no. 12, pp. 2003–2015, Dec. 2001.

[24] H. K. Cha, S. S. Song, H. T. Kim, and K. Lee, ‘‘A CMOS harmonic
rejection mixer with mismatch calibration circuitry for digital TV tuner
applications,’’ IEEE Microw. Wireless Compon. Lett., vol. 18, no. 9,
pp. 617–619, Sep. 2008.

[25] D. K. Shaeffer and T. H. Lee, ‘‘A 1.5-V, 1.5-GHz CMOS low noise ampli-
fier,’’ IEEE J. Solid-State Circuits, vol. 32, no. 5, pp. 745–759, May 1997.

[26] T.-K. Nguyen, C.-H. Kim, G.-J. Ihm, M.-S. Yang, and S.-G. Lee, ‘‘CMOS
low-noise amplifier design optimization techniques,’’ IEEE Trans. Microw.
Theory Techn., vol. 52, no. 5, pp. 1433–1442, May 2004.

[27] D. Murphy et al., ‘‘A blocker-tolerant, noise-cancelling receiver suitable
for wideband wireless applications,’’ IEEE J. Solid-State Circuits, vol. 47,
no. 12, pp. 2943–2963, Dec. 2012.

JUSUNG KIM (S’10–M’12) received the B.S.
degree (honors) in electrical engineering from
Yonsei University, Seoul, South Korea, in 2006
and the Ph.D. degree in electrical engineering
from Texas A&MUniversity, College Station, TX,
USA, in 2011. In 2008, he was an Analog IC
Design Engineer at Texas Instruments, Dallas, TX,
USA, where he designed an RF front-end for a
multi-standard analog and digital TV silicon tuner.
From 2011 to 2015, he was with Qualcomm Tech-

nologies Inc., San Diego, CA, USA, where he designed RFIC products
for 3G and 4G cellular systems. He is currently an Assistant Professor at
the Department of Electronics and Control Engineering, Hanbat National
University, Daejeon, South Korea. His current field of research is in the
design and fabrication of low-power integrated circuits for communication
and biomedical applications. He served as an Associate Editor for the IEEE
TRANSACTIONS on CIRCUITS and SYSTEMS II—EXPRESS BRIEFS from 2014 to
2015.

DZUHRI RADITYO UTOMO was born in Indra-
mayu, Indonesia, in 1990. He received B.S. degree
from the Department of Electrical Engineering
and Information Technology, Gadjah Mada Uni-
versity, Yogyakarta, Indonesia, in 2014 and the
M.S. degree from the School of Electrical Engi-
neering, Korea Advanced Institute of Science and
Technology, Daejeon, South Korea, in 2016. He
is currently working toward the Ph.D. degree. His
research interests include THz, mm-wave, RF cir-

cuits and systems based on CMOS technology.

ANJANA DISSANAYAKE received the B.S. and
M.S. degrees from the Department of Electrical
Engineering, Korea Advanced Institute of Science
and Technology, in 2015 and 2017, respectively,
majoring in the area of ultra-low power RF front-
end design with primary focus on LNA and Mixer
design. He is currently working toward the Ph.D.
degree at the RLP-VLSI laboratory, University of
Virginia. His research interests include ULPRFIC,
UWB front-end, low power baseband, wake-up

and IoT receivers, and analog domain demodulation techniques.

25394 VOLUME 5, 2017



J. Kim et al.: Evolution of Channelization Receiver Architecture: Principles and Design Challenges

SEOK-KYUN HAN received the B.S. degree in
electronics engineering from Kwangju University,
South Korea, in 1995 and the M.S. and Ph.D.
degrees in electrical engineering fromMokpoUni-
versity and Mokpo Maritime University, South
Korea, in 1998 and 2004, respectively. From 1995
to 1998, he was with Information and Commu-
nications University, Daejeon, South Korea, as a
Research Assistant Professor. Since 2010, he has
been a Research Associate Professor at the Depart-

ment of Electrical Engineering, Korea Advanced Institute of Science and
Technology, Daejeon, South Korea. His research interests are the CMOS-
based RFIC and microwave circuit designs. His research interests extend to
extreme high-frequency circuit designs.

SANG-GUG LEE (M’09) received the B.S.
degree in electronic engineering from Kyung-
pook National University, Daegu, South Korea,
in 1981 and the M.S. and Ph.D. degrees in elec-
trical engineering from the University of Florida,
Gainesville, FL, USA, in 1989 and 1992, respec-
tively. In 1992, he joined Harris Semiconductor,
Melbourne, FL, USA, where he was involved in
silicon-based RF integrated circuit designs. From
1995 to 1998, he was an Assistant Professor at

the School of Computer and Electrical Engineering, Handong University,
Pohang, South Korea. From 1998 to 2009, he was a Professor at the
Information and Communications University, Daejeon, South Korea. Since
2009, he has been a Professor at the Department of Electrical Engineering,
Korea Advanced Institute of Science and Technology, Daejeon, South Korea.
He served as a Research Director of the Auto-ID Laboratory Korea, from
2005 to 2010. In 2007, his laboratory was selected as a National Research
Laboratory. Since 2012, he has been serving as the Director of the Future
Promising Fusion Technology Pioneer Center, Leading a Research Group
in the area of silicon-technology-based terahertz IC design. His current
research interests include CMOS-based RF, analog, and mixed-mode inte-
grated circuit (IC) designs for various radio transceiver applications, low-
power transceivers, extreme high-frequency (terahertz) circuit design based
on CMOS technology, and other analog integrated circuit designs such as
display semiconductors, power management ICs, and automotive ICs. He
served as a Technical Committee member of the IEEE ISSCC of theWireless
Communication Technology Committee from 2005 to 2009.

VOLUME 5, 2017 25395


	INTRODUCTION
	RF CHANNELIZATION RECEIVER: PRIOR WORK 
	FREQUENCY SYNTHESIZER BASED RECEIVER FOR RF CHANNELIZATION
	ITERATIVE DOWN CONVERTER FOR RF CHANNELIZATION

	PROPOSED CHANNELIZATION RECEIVER 
	DESIGN CHALLENGES AND SYSTEM IMPAIRMENTS 
	MINIMUM DETECTABLE SIGNAL AND DYNAMIC RANGE
	IMAGE REJECTION
	CHANNEL SELECTION
	HARMONIC REJECTION

	SIMULATION RESULTS
	CONCLUSIONS 
	REFERENCES
	Biographies
	JUSUNG KIM
	DZUHRI RADITYO UTOMO
	ANJANA DISSANAYAKE
	SEOK-KYUN HAN
	SANG-GUG LEE


