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ABSTRACT

A fully integrated SiGe BiCMOS concurrent multiband receiver front-end and its
building blocks including multiband low-noise amplifiers (LNAS), single-to-differential
amplifiers and mixer are presented for various Ku-/K-/Ka-band applications. The
proposed concurrent multiband receiver building blocks and receiver front-end achieve
the best stopband rejection performances as compared to the existing multiband LNAs
and receivers.

First, a novel feedback tri-band load composed of two inductor feedback notch
filters is proposed to overcome the low Q-factor of integrated passive inductors, and
hence it provides superior stopband rejection ratio (SRR). A new 13.5/24/35-GHz
concurrent tri-band LNA implementing the feedback tri-band load is presented. The
developed tri-band LNA is the first concurrent tri-band LNA operating up to millimeter-
wave region.

By expanding the operating principle of the feedback tri-band load, a 21.5/36.5-
GHz concurrent dual-band LNA with an inductor feedback dual-band load and another
23/36-GHz concurrent dual-band LNA with a new transformer feedback dual-band load
are also presented. The latter provides more degrees of freedom for the creation of the
stopband and passbands as compared to the former.

A 22/36-GHz concurrent dual-band single-to-differential LNA employing a
novel single-to-differential transformer feedback dual-band load is presented. The

developed LNA is the first true concurrent dual-band single-to-differential amplifier. A



novel 24.5/36.5 GHz concurrent dual-band merged single-to-differential LNA and mixer
implementing the proposed single-to-differential transformer feedback dual-band load is
also presented. With a 21-GHz LO signal, the down-converted dual IF bands are located
at 3.5/15.5 GHz for two passband signals at 24.5/36.5 GHz, respectively. The proposed
merged LNA and mixer is the first fully integrated concurrent dual-band mixer operating
up to millimeter-wave frequencies without using any switching mechanism.

Finally, a 24.5/36.5-GHz concurrent dual-band receiver front-end is proposed. It
consists of the developed concurrent dual-band LNA using the single-to-single
transformer feedback dual-band load and the developed concurrent dual-band merged
LNA and mixer employing the single-to-differential transformer feedback dual-band
load. The developed concurrent dual-band receiver front-end achieves the highest gain
and the best NF performances with the largest SRRs, while operating at highest
frequencies up to millimeter-wave region, among the concurrent dual-band receivers

reported to date.
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CHAPTER |

INTRODUCTION

1.1 Review of Multiband Receiver Architectures and Multiband LNAs

Demands for multi-standard multiband receivers have rapidly increased over the
past decade as modern wireless communication systems and applications requiring
multiband operations have evolved, particularly those intended for single-chip
implementations. Implementation of several different applications and/or standards at
various frequency bands into a single chip requires better receiver architectures and
system integration, which ultimately improves the performance and drives down the
power consumption, size and cost to satisfy stringent system specifications and
competitive market requirements.

The integration complexity, power consumption, size, and cost of multiband
receiver primarily depend on the receiver architectures as shown in Fig. 1.1. Multiple
receiver front-ends composed of antennas, low-noise amplifiers (LNAS), and mixers for
individual frequency bands can be integrated in parallel as shown in Fig. 1.1(a). This
configuration is complex to integrate and consumes large area and power [1], [2]. By
using a band-select switch preceding a wideband or multiband mixer, multiband receiver
front-ends can be simplified as shown in Fig. 1.1(b) [3]. A wideband or multiband
reconfigurable LNA can be used after a band-select switch to replace multiple LNAs as
shown in Fig. 1.1(c), which further simplifies and reduces the size and power

consumption for multiband receiver front-ends [4]. The aforementioned receiver



ANT1 LNA1 Mixer1 ANT1 LNA1
> GD IF1/BB1 >_
N N
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—<_] >_®|FfBB I: % ®IF.‘BBL
\/A NT3 | SWitch Wideband/ Mixer I/
Reconfigurable Concurrent Mixer
LNA Multiband
LNA
(c) (d)

Fig. 1.1 Simplified multiband receiver front-end configurations with (a) separate
parallel receiver front-ends (with separate antennas), (b) separate antennas and LNAs,
(c) separate antennas and wideband or reconfigurable LNA, and (d) single concurrent
multiband antenna and LNA.

architectures in Fig. 1.1(b) and (c), however, receive and process only one frequency
band at a time due to their switching functionality and hence are not concurrently
operated.

Concurrent multiband receivers receive and process multiple frequency bands
simultaneously [5]. They are thus capable of providing multitask or multifunction to
meet consumer needs in modern wireless communications. Concurrent multiband
receivers require at least some of their components to operate concurrently at different
frequency bands which results in substantial reduction of size, cost and power

2



dissipation. Fig. 1.1(d) shows a simplified concurrent multiband receiver, typically
consisting of an off-chip antenna, and on-chip LNA and mixer. While the mixer can be
designed as a multiband or wideband component with more degrees of freedom in terms
of matching and noise figure performances, the LNA should perform as a concurrent
multiband device and hence requires proper input matching to the antenna, low noise
figure (NF), high gain, and high linearity at multiple individual bands to handle multiple
input signals simultaneously. Therefore, the design of concurrent multiband LNAs is the
most critical issue for the implementation of fully integrated low-cost and low-power
concurrent multi-band receivers.

Research and development of concurrent multiband LNAs have gained
significant interests in recent years. The design of on-chip concurrent multiband LNAS is
quite challenging due to their stringent requirements over multiband as mentioned above.
Several concurrent dual-band LNAs operating below 6 GHz [5]-[9] and 6-t0-24 GHz
[10]-[12] have been developed. However, concurrent tri-band LNAs have been rarely
implemented. Particularly, there has been only one concurrent tri-band LNA reported to
date in 0.945/2.4/5.25-GHz bands [13]. The tri-band LNAs in [14] and [15] were not
fabricated and only simulation performances were reported for wireless communication
applications below 6 GHz, such as GSM and Wi-Fi. Moreover, no concurrent tri-band
LNA working at higher frequencies up to millimeter-wave regime has been reported. As
the need for receivers working concurrently over more than two bands and the demand
for higher operating frequencies increase, the development of dual-band and tri-band

LNAs in high microwave (> 20 GHz) and millimeter-wave becomes necessary,
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particularly at 28/38 GHz for 5G wireless communications, 24/60 GHz ISM applications,
24/77 GHz automotive radar sensors, etc.

One of the main challenges in the design of concurrent multiband LNAs is the
creation of multiple pass-bands with good gain and gain balance, and multiple stop-
bands in between with adequate rejection. The first reported concurrent dual-band LNA
in [5] was designed at 2.45/5.25 GHz using off-chip capacitor and inductors having high
quality (Q) factor at the LNA input and achieved a good stop-band rejection ratio of
around 40 dB and a gain imbalance of 1.5 dB between the two peak gain frequencies.
Thereafter, concurrent dual-band LNAs in [6]-[10] and tri-band LNAs in [14] and [15]
have used integrated passive notch filters consisting of several inductors and capacitors
to realize the required stop-band rejections. Multiband LNAs using integrated passive
notch filters, however, suffer from poor stop-band rejection performance, due to the fact
that stop-band rejection with integrated passive components depends mainly on the low
Q-factor of the integrated inductors. Using high-Q inductors can enhance the stop-band
rejection, yet leading to large integration area in addition to difficulty in the design of
high-Q inductors.

Alternative methods for higher stop-band performance in concurrent multiband
amplifiers were presented in [11]-[13]. The concurrent dual-band amplifier in [11]
implemented synthetic transmission lines to build the dual-frequency matching circuits.
Even though this dual-band amplifier shows good stop-band rejection ratio (SRR) of
more than 40 dB, it occupies a large area and exhibits 13-dB gain degradation at higher

pass-band, thus providing poor NF performance. The dual-band tunable concurrent

4



amplifier in [12] separates the output path of the amplifier into two independent paths
for low-band and high-band operations, but it requires an additional off-chip LNA. The
concurrent tri-band LNA in [13] uses two active notch filters that provides a negative
resistance to overcome the low Q-factor of integrated inductors. Furthermore, the
additional active devices used in [12] and [13] lead to higher power consumption

consequently.

1.2 Proposed Concurrent Dual-band Receiver and Multiband LNAs

The proposed double-conversion concurrent dual-band receiver architecture is
shown in Fig. 1.2. The first down-conversion for the received signals at high microwave
and millimeter-wave input frequencies (24.5/36.5 GHz) is performed via the LNA and
RF mixer with a 21-GHz local oscillator (LO) signal (LO1). The IF signals (3.5/15.5
GHz) are filtered and amplified by the IF filter and the IF amplifier, respectively. Then,
the second down-conversion is carried out via the IF mixer with the 3.5/15.5-GHz dual-

band LO signals (LO2). The baseband (BB) low-pass filter (LPF) removes the out-of-

Antenna DB LNA DB RF Mixer IF Filter IF Amp IF Mixer

e md

-----------------

. Proposed Concurrent !
+ Dual-band Receiver
- Front-end i

Fig. 1.2 Proposed concurrent dual-band receiver front-end as part of a double-
conversion receiver.



band high frequency spurious signals and the variable gain amplifier (VGA) amplifies
only the desired in-band signals. The IF filter, amplifier, and mixer as well as the BB
LPF and VGA can be easily designed with either wideband or concurrent multiband
configurations due to their lower operating frequencies and less design difficulties as
compared to the RF front-end building blocks. Therefore, the development of multiband
RF receiver front-end building blocks for Ku-/K-/Ka-band radar sensing applications,
such as multiband (dual- and tri-band) LNAs, single-to-differential amplifiers and RF
mixer, becomes more important.

In this dissertation, a new concurrent tri-band LNA implementing a novel feedback
tri-band load composed of two feedback notch filters is presented first in Ch. II. The
proposed feedback tri-band load overcomes the low Q-factor of integrated inductors, and
hence provides superior stopband rejection performance. In addition, comparative
analysis and design principles of the conventional tri-band load and the proposed
modified and feedback tri-band loads, and their use in tri-band LNA design are also
presented for the first time. The developed 13.5/24/35-GHz concurrent tri-band LNA in
Ch. Il provides stable and high SRRs of more than 30 dB without additional area and
power consumption.

Two K-/Ka-band concurrent dual-band LNAs employing two different types of
feedback dual-band loads are proposed in Ch. IV Dby significantly expanding the
feedback notch technique used in the concurrent tri-band LNA. The concurrent dual-
band LNAs use novel single-input to single-output (single-to-single) inductor and

transformer feedback dual-band loads, respectively. Moreover, these dual-band LNASs

6



also provide a unique characteristic to control the stopband rejection ratio by adjusting
the bias level of second-stage amplifier. The analyses and designs of the conventional
and proposed feedback dual-band loads are first introduced to provide the insight and
signify the advantages of the feedback loads. Then, a 21.5/36.5-GHz concurrent dual-
band LNA with an inductor feedback dual-band load and another 23/36-GHz concurrent
dual-band LNA with a new transformer feedback dual-band load are presented. The
latter provides more degrees of freedom for the creation of the stopband and passbands
as compared to the former. Both the developed concurrent dual-band LNAs achieve the
best NF and gain-balance performances among the concurrent multiband LNAS reported
at high microwave and millimeter-wave frequencies.

In Ch. V, a new concurrent dual-band single-to-differential transformer feedback
dual-band load as well as its use in the concurrent dual-band single-to-differential LNA
are presented. The designed concurrent dual-band single-to-differential LNA converts
two simultaneous independent single-ended input signals at around 22 and 36 GHz into
180° out-of-phase differential signals at its output without any switching activity by
employing the proposed transformer feedback dual-band load. The developed concurrent
dual-band single-to-differential LNA exhibits excellent gain, gain/phase balances, and
NF performances as well as a great stopband rejection, validating the unique advantages
of the proposed single-to-differential transformer feedback concurrent dual-band LNA.
The developed LNA is the first true concurrent dual-band single-to-differential amplifier

operating up to millimeter-wave frequencies and without using switching mechanism.



A concurrent dual-band merged single-to-differential LNA and RF-to-IF down-
conversion mixer implementing the proposed single-to-differential transformer feedback
dual-band load is presented in Ch. VI. The single-to-differential transformer feedback
dual-band load is used as a concurrent dual-band transconductance (gm) amplifier, which
simultaneously converts two independent single-ended RF voltage signals at around 24.5
and 36.5 GHz into the 180° out-of-phase differential current signals flowing into the
Gilbert-cell mixer switching core. With a 21-GHz single-ended LO signal, the down-
converted dual IF bands are located at 3.5/15.5 GHz for two passband signals at
24.5/36.5 GHz, respectively. By varying the bias voltage of the second-stage’s tail
current source, the concurrent dual-band merged LNA and mixer can also control both
the passband gains and SRR at the same time, and it shows the substantial improvement
of stopband rejection performance and validates the effectiveness and unique operation
characteristics of the proposed transformer feedback dual-band load and its use in the
down-conversion mixer. The developed merged LNA and mixer is the first fully
integrated concurrent dual-band mixer operating up to millimeter-wave frequencies
without using any switching mechanism.

In Ch. VII, a new concurrent dual-band receiver front-end is proposed. It consists
of the concurrent dual-band LNA using the single-to-single transformer feedback dual-
band load presented in Ch. IV and the concurrent dual-band merged LNA and mixer
employing the single-to-differential transformer feedback dual-band load presented in
Ch. VI. The receiver front-end operates with RF passband frequencies at 24.5/36.5 GHz,

LO frequency at 21 GHz, and IF frequencies at 3.5/15.5 GHz, accordingly. Since both of
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the dual-band LNA and the dual-band merged LNA and mixer have the functionality of
controlling the stopband rejection and the passband gain balance by adjusting the bias
level of second-stage inverting amplifier, the proposed receiver front-end has versatile
operation modes by combining each operation mode of the dual-band LNA and the
merged LNA and mixer. The developed concurrent dual-band receiver front-end
achieves the highest gain and the best NF performances as well as the largest SRRs,
while operating at highest frequencies up to millimeter-wave region, among the
concurrent dual-band receivers reported to date.

Finally, the conclusions and summary of the works are provided in Ch. VIII.



CHAPTER II

ANALYSIS AND DESIGN OF CONCURRENT MULTIBAND LOADS”

This chapter presents the analyses and designs of three different tri-band loads:
the conventional, modified and feedback tri-band loads. Although the proposed tri-band
LNA only employs the feedback tri-band load, the analyses and designs of the other two

loads are needed for the design of the feedback tri-band load.

2.1 Conventional Dual-band Load

Fig. 2.1(a) shows the concurrent dual-band LNA in [5], which uses conventional
dual-band resonators: one at the input (dual-band input matching network) and another
at the output (dual-band load resonator). In the dual-band input matching network, off-
chip high-Q inductor (Lg1), bonding wire (Lg2), and capacitor (Cq1) are used to obtain
simultaneous input matching and minimum NF at both desired frequencies. For the dual-
band output load network, a wideband load with parallel L;—C; tank and a notch filter
composed of series Lo—C» are integrated in parallel. The load impedance (Zpg) looking

into the dual-band load can be derived as

sLy (1+5°L,C,)

Zpg(s) = .
B S LL,C,C, + 5% (LG, + L,Cy + LCy) +1

(2.1)

*© 2013 IEEE. Reprinted, with permission, from J. Lee and C. Nguyen, “A 13/24/35-GHz Concurrent Tri-
band LNA with Feedback Notches,” in IEEE Topical Meetings on Silicon Monolithic Integrated Circuits in RF
Systems (SiRF) Dig., Jan. 2013, pp. 252-254. and J. Lee and C. Nguyen, “A Concurrent Tri-Band Low-Noise
Amplifier With a Novel Tri-Band Load Resonator Employing Feedback Notches,” IEEE Transaction on Microwave
Theory and Techniques, vol. 61, no.12, pp. 4195-4208, Dec. 2013.
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Fig. 2.1 (a) Concurrent dual-band CMOS LNA reported in [5]. (b) Responses of
wideband load, notch filter, and dual-band load constructed from the combined
wideband load and notch filter.

Since the series L,—C, notch introduces a zero at the frequency of
]/ 2m,|L,C, over the wideband gain response of the parallel L1—C; tank, the concurrent

dual-band gain response can be obtained as illustrated in Fig. 2.1(b).

2.2 Conventional Tri-band Load

By expanding the construction concept of the conventional dual-band load in [5],
a simple conventional tri-band load can be created as shown in Fig. 2.2(a). The parallel
L1—C; tank forms a wideband load covering the three bands of interest. Two notches
formed by the series Lo—C> and Ls—Cs pairs, representing the low- and high-band
notches, respectively, are connected in parallel to the wideband load to establish two

stop-bands, hence creating the dual-band notch filter. Fig. 2.2(c) shows the insertion loss
11



responses (Sz1) of these networks. By combining these responses together, a clear tri-

band response for the conventional tri-band load can be achieved as shown in Fig. 2.2(c).

2.2.1 Analysis of Conventional Tri-band Load
As illustrated in Fig. 2.2(c), the second pass-band, fr2, occurs at the crossing of
the So1 of the parallel low- and high-band notches. The two notch frequencies determine

the low stop-band (fs1) and the high stop-band (fs2) frequencies of the conventional tri-
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Lo Lo,

Vcc—l— AC Ground

.1

IL
1]
o
T
-
-
D
T
-9

Low-band Wideband  High-band
Notch Load Notch

=Y

fer  fs1 ez fsz  fes

4

Tri-band Load

-¥

for  fs1 oz sz fos

(©)

Fig. 2.2 Tri-band load: (a) conventional, (b) modified, and (c) conceptual construction
of tri-band load usina a wideband load and two notch filters.
12



band load as shown in Fig. 2.2(c), respectively. As the wideband load covers the entire
tri-band, its Sp1 would overlap that of the dual-band notch filter. This, together with the
fact that its response is independent of the two notches, enables the first and third pass-
band centered at fp1 and frs, respectively, to be placed where the dual-band notch filter
and the wideband load responses cross each other as shown in Fig. 2.2(c). That is, fr1 and
fp3 are determined by the pre-assigned fp2, fs1, fs2, and wideband load response.

We now introduce new inductor Lws and capacitor Cws according to L1 = KLws
and C1 = Cwe/k, where k is a constant. Fig. 2.3 shows the insertion losses (S21) of the
dual-band notch filter, wideband load, and conventional tri-band load. By changing k,
which satisfies L1-C1 = kLws-(Cwe/k), the first and third pass-band can be tuned as shown
in Fig. 2.3(b). As L1 is reduced and C; is increased, corresponding to decreasing k, fp1
and fps approach fp2, causing sharp roll-off skirt characteristics at the upper and lower
band-edge of the first and third pass-band, respectively, as seen in Fig. 2.3(b). In order to

produce a symmetrical response for the tri-band load, we can choose the two notch
frequencies as fg; =./fp fpp and fs, = \[fp, fps, satisfying the geometric centers of the
three pass-bands. Accordingly, the first and third pass-band can be located at
fo, = f&/ foy and fo, = £3 / £, respectively.

The impedance Zpgn of the dual-band notch filter can be derived as

_ Npgn(s)
Zpgn (S) = —DDBN B)
Npen (8) = (L+ 57 L,C,)(1+5°LyCy) (2.2)

Dpen (8) = S[SZ(Lz +15)C,C5 +(C, +C3)]-
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Fig. 2.3 Insertion loss for (a) the dual-band notch filter and wideband load for different
k, L1 and Cy1, and (b) the conventional tri-band load for different k, L1 and C1. The top
arrows denote the pass-bands of the tri-band load.

The numerator Npen in (2.2) defines the two zeros corresponding to the stop-band
frequencies of the low and high stop-bands, respectively, as

1

1
Wsy ——,—LZCZ 1 Wsp _—(—L3C3

By letting the denominator Dpgn in (2.2) equal to zero, the pass-band frequency of the

(2.3)

dual-band notch filter can be obtained as
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_|_CotC
w2 C,C(L, + Ls). 24)

The impedance of the wideband load (L1—C,) is given by

sL
Zyg(s) = 52L1C11 e (2.5)

From (2.5), the resonant frequency of the wideband load, which defines its primary pass-
band frequency, can be found as
1

1
Wpw = = :
\/ LG \/ KLy - Cue
k

(2.6)

The second pass-band frequency fp> of the tri-band load is governed by either
(2.4) or (2.6). However, since the pass-band dictated by the dual-band notch filter is
more defined than that of the wideband load, particularly when k is large, as seen in Fig.
2.3(a), fp2 is mainly dominated by the location of wez in (2.4). Therefore, L2, Co and Ls,
Cs should be determined from (2.4) in conjunction with (2.3) from the specified fp2, fs1
and fsz.

Letting L1 = L2 + Ls and 2C; = C; = Cs leads to wp2 = wpws Which results in,

upon using (2.4) and (2.6):

! _ ! 2.7)

LC C,C, )
e[ &%
2 3

Equation (2.7) represents the condition under which a single fp> exists and can be
considered as the criterion for the optimal second pass-band frequency of the

conventional tri-band load.
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It is noted that since the L1—C; tank is used mainly to control the skirt roll-off
characteristics at the lower and upper band-edge of the first and third pass-band of the
conventional tri-band load, respectively, as seen in Fig. 2.3(b), desired skirt roll-off
characteristics should also be considered in the determination of Ly and C;.

The impedance of the conventional tri-band load in Fig. 2.2(a) can be derived as

Zrpy(s) = NLl(S)
Drg1(S)
Ny () = 5Ly (L+ 57L,C, )(L+ $LgCy)
Drg: (5) = 8°L1L,LsC,C,Cy (2.8)
4| LLCC, + (4L, + Lk + L4 L5)C,Co

+52[ LGy +(Ly +Lp)Cy +(Ly + Lg)Cq J+1.
The numerator Ntg1 clearly shows that the conventional tri-band load indeed has
the same stop-band zeros as the dual-band notch filter seen in (2.3). The denominator

Dtg1 can be recast as

Dy, () = (s2L,C; +1)(s2L,C, +1)(s?LyCy +1)

2.9
+s%L |:SZ(L2 +13)C,C; +(C, +C3)]. (2.9)

By letting the second term of (2.9) equal to zero, it is found that a pass-band frequency
of the conventional tri-band load occurs at the same location of that given in (2.4) for the
dual-band notch filter. This thus confirms that the second pass-band of the conventional
tri-band load indeed originates from the pass-band of the dual-band notch filter as
discussed earlier.

Equating Drg: in (2.8) to zero leads to
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a)6 Ll Lz L3cchC3
_ 4] LkCiCa +(Lilp + Lobs + LL5)CoCy (2.10)
+LLC,C,

The three poles representing the first, second, and third pass-band frequencies, wp1, wp2,

and wrs, respectively, satisfy the following equations upon applying the factor theorem

on (2.10):
1
2 2 2
Wp 1 WpyWpy =—————————
P1#P2%P3 L1L2 L3C1C2C3 (2 11)
1 1 1 '

why W,  Why
Equations (2.11) can be used to determine L: and Ci together with L2, Cz, and Ls, Cs,

obtained from (2.3) and (2.4) as mentioned earlier, and desired fp1, fp2, and fps.

2.2.2 Design Example of Conventional Tri-band Load

As a design example showing a design procedure for the conventional tri-band
load using the foregoing analysis, we consider fp1 and fps at around 15 and 35 GHz. We
also select fs1 and fsz as 20 and 30 GHz, respectively, from which fp2 can be estimated as
around 25 GHz. The design is summarized as follows.

First, we calculate L and Lz from (2.3) by assuming initial C> and Cz as 200 fF
for the specified fs1 and fso. The following shows four possible combinations of Ly, Co,
and Ls, Cs, and corresponding fp> calculated from (2.4):

(a) C2 = 200 fF, L, = 316.6 pH, C3 = 200 fF, Ls = 140.7 pH, fp» = 23.54 GHz

(b) C2 =200 fF, L. = 316.6 pH, C3 = 140.7 fF, L3 = 200 pH, fp2 = 24.37 GHz
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(c) C2=316.6 fF, L2 = 200 pH, C3 = 200 fF, L3 = 140.7 pH, fp2 = 24.63 GHz

(d) C2 = 316.6 fF, L, = 200 pH, C3 = 140.7 fF, L3 = 200 pH, fp2 = 25.49 GHz
Each combination of Lz, Cz, and Ls, Cs produces slightly different fe2 and skirt
characteristics of the stop-bands. Option (b) is selected as it exhibits the highest stop-
band Q-factor as described later, as well as the most symmetric skirt characteristics at
both stop-bands. L1 can be determined as 84.7 pH by substituting the product LiC: in
(2.11). Substituting the obtained L1 into (2.6) then gives C1 = 498.2 fF.

Although (2.6) and (2.11) can provide valid values for L1 and Cg, they do not
provide insight of the skirt roll-off characteristics of the tri-band load mentioned in
Section 2.2.1. To overcome this drawback, the final values for L; and C; can be selected
making use of a graphical analysis based on Fig. 2.3. This procedure begins by choosing
an initial value for k and Li. Herein, we choose k =1 and L1 = 200 pH to make the tri-
band load impedance sufficiently high to achieve high LNA gain, as will be described
shortly. C; is then calculated from (2.6) and the response of the tri-band load is plotted
as shown in Fig. 2.3(b), from which fp1, fe2, and fes can be identified. The process is
repeated for different k values. Table 2.1 summarizes the results including the Q-factor

of the dual-band notch filter at the two stop-bands. The stop-band Q-factor is defined as

W
Uiz = (2.12)
Wp

where ws1,2 is the stop-band notch frequencies in (2.3) and Awp is the 3-dB bandwidth
measured from the pass-band frequency in (2.4). An optimum value for k is chosen such
that it produces fp1, fr2, and fps as close to the specified frequencies as possible. This k

can be found between 0.25 and 0.5 according to Table 2.1. It can also be inferred from
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TABLE 2.1
COMPONENT VALUES OF CONVENTIONAL TRI-BAND LOADS

k=0.25 k=0.5 k=1 k=2 Unit
L 50 100 200 400 pH
Ci 810.4 405.2 202.6 101.3 fF
fp1 17.0 15.3 13.2 10.8 GHz
fe2 245 245 24.4 24.4 GHz
fs 35.9 40.0 46.6 57.1 GHz
Qs1 3.48 3.07 2.68 2.39 -
Qs2 3.47 2.82 231 1.93 -

Table 2.1 that such an optimum k would also correspond to L1 and C; values close to the
calculated values obtained earlier.

As L and C; are reduced and increased, respectively, corresponding to
decreasing k, as seen in Table 2.1, fp1 and fpz approach fe2, causing sharp roll-off skirt
characteristics at the upper and lower band-edge of the first and third pass-band,
respectively, as can be deduced from Fig. 2.3(b) mentioned earlier. In practice, C; is
directly connected to the output node of an LNA and includes all parasitic capacitances
at the tri-band load, hence the larger C1, the lower LNA gain at high frequencies.
Therefore, C1 should be as small as possible to increase the LNA gain at high
frequencies, especially in the mm-wave frequency regime. This, in fact, leads to the
limitation of the conventional tri-band load in obtaining both sharp roll-off skirt
characteristic and high LNA gain at the same time. In addition, the bandwidths of the
two pass-bands at fr1 and fps become narrower as L: is reduced and C; is increased,

which are undesirable for many mm-wave applications, such as high-data-rate
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transmission. The modified tri-band load to be presented below would overcome these

problems of the conventional tri-band load.

2.3 Proposed Modified Tri-band Load

By separating L in Fig. 2.1(a) into two parts, L1" and L4, and connecting the two
notches to the node between L1’ and L4, a new modified tri-band load can be generated as
shown in Fig. 2.1(b). The impedance Zts> of the modified tri-band load can be derived

as
N5, (S)
Drg2(8)

Nqgy(S) = SLg | 1+ 5 (LZ' L, )cz'}[u sZ(L3' + LP)CS'}

Zrgy(s) =

Drg, (5) = s°Lg (Lz' Ly +L,'Lp +Ls'Lp )Clczlca’ (2.13)

L (LZ' Tl )clcz’

o

+s* HL'L + L)L+ LL)C,)Cy
Tl (L3' +Lp )clc3’

182 LG+ (L +L,)C, + (L + |_3’)c3’]+1,

N

where Ls = Li'+L4 and Lp = Li'La/(L1'+L4) are the equivalent series and parallel
inductances of L:" and L4, respectively. The modified tri-band load reduces to the
conventional tri-band load when Ls = 0 as expected. As can be seen from (2.13), the
modified tri-band load provides an additional degree of freedom to choose the stop-band
and pass-band frequencies through Ls and Lp as compared to the conventional tri-band
load using a single load inductor. Since Ls and Lp are composed of L1’ and Ls, the stop-
band and pass-band frequencies of the modified tri-band load are effectively controlled
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by L1’ and Ls, in general, or the ratio of L1’ and L4 in particular. The following analysis

discusses the selection of proper values for L1, L4, and their ratio.

2.3.1 Analysis of Proposed Modified Tri-band Load
From the numerator of (2.13), the stop-band notch frequencies of the modified
tri-band load, fs; and fs2, can be found as

1 1

fs1 = = \/ (2.14)
. ' . 2Ly C,
27 | L, +7L,1 L |, TR
L +L
1 1
fsz ! = - (2.15)
o IR 27\ LysCs
L +L,

where Ln1 = Lo+Lp and Ln2 = L3'+Lp represent the effective notch inductances at fs: and

fso, respectively. When Ls = 0 (or L1’ = 0), fs1 and fsp become J/ 2myL,’C, and

1/ 2m\L5'C; , respectively, which are the same as those for the conventional tri-band load,

as expected.

On the other hand, since Ls and Lp in the denominator of (2.13) can also affect
the pass-band locations, the inductance values of L1’ and L4 should be chosen to produce
the desired pass-band and stop-band frequencies at the same time. To facilitate the

finding of the pass-band locations, the denominator Dtg2 in (2.13) is rewritten as
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Drg(jw) = w® Ls ('—2' |—3’ + |—2, Lp + |—3, Lp )C1C2’C3'

L (Lz' L, )clcz'

~

~o* | +(LL + L L+ L4 'L5)C, Cy (2.16)
T (Lg' L, )clc3’

F?| LCy+ (L +L,)C, + (L + L3’)c3’}1

=0.
The three poles, wp1, wp2, and wes, corresponding to the pass-bands of the modified tri-
band load, satisfy the following conditions obtained from (2.16) via the factor theorem:

1
Wy WhpWpg = T p - — (2.17)
(LsLy'Ly + LsLpL, + LsLpLy)C,C,'Cy

Wpy + Wy + W
1 N 1 N 1 (2.18)
(Ls+Lea)Cy (Lz' +LE3)C2' (L3’ +LE2)03'

1 1 1 ! ! ! ! ! !
7ttt = LG+ (L +1L,)C, + (L +15)Cs, (2.19)
Wpy Wpp Wps

where, in (2.18), Lex = L1'||L2'||Ls", Le2 = L2'||L1"||L4, and Les = L3'||L1'||Ls. Following a
method similar to that used for the design of the conventional tri-band load, we can find
the component values of the modified tri-band load through (2.14), (2.15), and (2.17)-
(2.19).

Similar to the case of the conventional tri-band load, we introduce a parameter k'
to the inductors Li" and L4 shown in Fig. 2.1(b), which will help facilitate the design
using a graphical analysis. By defining Li' = k'Ls and L4 = (1-k')Ls, the equivalent
parallel inductance Lp can be rewritten as Lp = Li/||Ls = k'(1-k")Ls. Substituting Lp into

(2.14) and (2.15) leads to the new expression for the stop-band frequencies as
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foy = L (2.20)
2m\[L, +K'A-K)LgIC,

fo, = = . (2.21)
2m\[Ly +K'(1-K)Ls Iy

where 0< k' <1. Note that £'=0 and &£'=1 result in the wideband and conventional tri-band

loads, respectively. The effective notch inductances Lni and L2 can be derived as
Lyy =L +Lp =L, +k'(1-K')Lg (2.22)

From (2.22) and (2.23), the two notch inductors L’ and L3’ of the modified tri-band load

can be found as
L, =Ly, —k'(Q-K)Lg (2.24)

Ly =Ly, —k'(1-K')Ls. (2.25)

2.3.2 Design Example of Proposed Modified Tri-band Load

As an example, we design a modified tri-band load based on the conventional tri-
band load with k = 1 described in Table 2.1. For the conventional tri-band load, the
wideband load inductor L1 was chosen as 200 pH in order to provide a high LNA gain
for the three pass-bands as discussed in the previous section. Therefore, equivalently, we
maintain the same load inductor of Ls = 200 pH, which is the sum of the two separate
inductors L1" and L4, for the modified tri-band load. This results in £' = 1. Also, by using
the same capacitors of C; = 202.6 fF, C’ = C, = 200 fF and C3' = C3 = 140.7 fF, the

effective notch inductors Ln1 and L2 of the modified tri-band load can be mapped into
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the two notch inductors L, and Lz of the conventional tri-band load, respectively, to
maintain the same fs; and fs, according to (2.3) and (2.14), (2.15), so that Ln1 = L2 =
316.6 pH and Ln2 = L3 = 200 pH. Table 2.2 summarizes the component values for
different values of £’ and Fig. 2.4(a) shows the corresponding responses of the modified

tri-band load. Table 2.2 also includes the values for fs; and fs2 obtained through Fig.

TABLE 2.2
COMPONENT VALUES OF MODIFIED TRI-BAND LOAD
k'=0 k'=0.25 k'=0.5 k'=0.75 k'=1 Unit
Ly 0 50 100 150 200 pH
Ls 200 150 100 50 0 pH
L' 316.6 273.2 256 273.2 316.6 pH
Ls' 200 170.8 165.2 170.8 200 pH
fp1 - 18.9 16.7 14.8 13.2 GHz
fp2 25 25.5 26.4 26.1 24.4 GHz
fp3 - 31.2 34 39 46.6 GHz
Qs1 - 18.52 5.13 3.05 2.68 -
Qs2 - 40 14.25 5.49 2.31 -
TABLE 2.3
COMPONENT VALUES FOR VARIOUS MODIFIED TRI-BAND LOADS
Component Modified | Modified | Modified | Modified Unit
TBloadl | TBLoad2 | TB Load 3 | TB Load 4
Ly 50 50 50 50 pH
L4 25 50 100 150 pH
Lo’ 298.8 289 278.6 273.2 pH
L3’ 185 178.7 173.2 170.8 pH
Ci 540.4 405.3 270.2 202.6 fF
C 200 200 200 200 fF
Gy 140.7 140.7 140.7 140.7 fF
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2.4(a) and the stop-band Q. Finally, the two notch inductors Lo’ and L3’ of the modified
tri-band load can be obtained from (2.24) and (2.25), which are chosen to produce fs;
and fs2 as close to the desired frequencies of 20 and 30 GHz as possible. It is noted that,
in Fig. 2.4(a), the graph with &' = 1 also represents the insertion loss of the conventional
tri-band load with k = 1 described in Table 2.1 and shown in Fig. 2.3(b).

It is recognized that the only way to tune the pass-band frequencies of the
conventional tri-band load is to change its L1—Cj tank values as shown in Fig. 2.3, which
inadvertently affects the LNA gain and hence is not desirable. On the other hand, using a
proper ratio &’ between L1’ and L4 by adjusting the two notch inductors L.’ and L3’
accordingly, the modified tri-band load can provide both the frequency tuning capability
for the pass-bands and the Q-tuning ability for the stop-bands simultaneously. This
phenomenon is depicted in Fig. 2.4(b) using the modified tri-band described in Table
2.3.

We recall the frequency tuning behavior of the conventional tri-band load (Fig.
2.2(a)) illustrated in Fig. 2.3(b) in which, as L1 is reduced and Cy is increased, fp1 and fps
approach fp2, making the lower and upper pass-bands narrower while keeping the stop-
bands almost the same. As C; is increased, the LNA gain also becomes smaller, which is
undesirable. On the other hand, for the modified tri-band load, as L4 is increased and Ci
is reduced with fixed L', fr1 and fpz also move closer to fr2, yet the bandwidths of the
three pass-bands and two stop-bands becomes wider and narrower, respectively, which
are desirable. The narrower notch-width implies higher notch Q-factor. Therefore, the

modified tri-band load can also increase the robustness of both pass-bands and stop-
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Fig. 2.4 Insertion losses of the modified tri-band load for different £’ (a) and various

modified tri-band loads in Table 2.3 (b). The top arrows denote the pass-bands of the
tri-band load.

bands against the usual frequency shift at high frequencies caused by parasitic
components and undesired coupling between interconnection lines. This frequency
tuning behavior also leads to increased LNA gain in all pass-bands at high frequencies

due to reduced C; and hence is desirable. These are the unique characteristics of the
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Fig. 2.5 Insertion losses of the conventional tri-band load (a) and modified tri-band load
(b) as the Q-factor of the integrated inductors is changed from 5 to 30.

modified tri-band load, making it distinguishingly different from the conventional tri-
band load.

The responses of both the conventional and modified tri-band loads are
vulnerable to the low Q-factor of the integrated inductors for on-chip implementation as

mentioned in Ch. I. To illustrate this, we show in Fig. 2.5 the insertion loss responses of
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the conventional and modified tri-band loads with varying Q-factor of the integrated
inductors. As the Q-factor of the inductors is reduced, the gain balance between the pass-
bands becomes worse and, especially, the stop-band rejection ratio degrades drastically.
When the Q-factor is 10 at 25 GHz, which is a reasonable Q value in the frequency
bands considered in this example, the maximum stop-band rejection ratios obtained from
the conventional and the modified tri-band loads are only about 12 dB and 6 dB,
respectively, which are not sufficient. This stop-band performance degradation has, in
fact, been exhibited in most multiband LNAs using integrated passive inductors. In order
to overcome this problem, a new feedback tri-band load configuration based on the

modified tri-band load is proposed as follows.

2.4 Proposed Feedback Tri-band Load

Figure 2.6(a) shows the equivalent circuit model of the new feedback tri-band
load. It is implemented using two feedback notches associated with an inverting
amplifier (—A) in a closed-loop configuration to enhance the stop-band performance. The
feedback tri-band load is formed partly from a transformation of the modified tri-band
load described in Fig. 2.2(b). Specifically, the common AC ground node of C; and Cs is
detached from the power supply (Vcc) and rerouted to node Y of the feedback loop. Figs.
2.6(b) and (c) represent the equivalent circuit models looking into the feedback tri-band
load at nodes X and Y, respectively. To facilitate our formulation and discussion, we
show in Fig. 2.7 the insertion loss responses of the corresponding (open-loop load)

equivalent circuits between ports 3-4 (Ss3) in Fig. 2.6(b) and 5-6 (Sse) in Fig. 2.6(c), the
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impedances Z. and Zy at nodes X and Y, respectively, and the input impedance (Z11) and
transmission response (S21) of the feedback tri-band load in Fig. 2.6(a), respectively. The
final component values of the feedback tri-band load for the same frequency
specifications of the conventional and modified tri-band loads are L1=55 pH, L»=110.7

pH, Ls=268 pH, L4=135 pH, C1=280 fF, C>,=200 fF, C3=200 fF. These results have been

<

fpi

CSasssssssssssse=

-------------

.lﬂgmd L, E g L,

O- o %

L

(b) (c

Fig. 2.6 Equivalent-circuit models of the feedback tri-band load (a), (b) at node X, and
(c) at node Y. fpi and fsn are the pass-band and stop-band frequencies, respectively.
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obtained through several iterations based on the modified tri-band load with k"= 0.25.
We use the same capacitors C2 = C3 = 200 fF for the feedback notches.

As seen in Fig. 2.7(b), at node X, each of the signals crossing three pass-bands
corresponding to fpi (i=1, 2, 3) sees a high-impedance load at each resonant frequency,

whereas the two stop-band signals corresponding to fsn (n=1, 2) see low-impedance
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Fig. 2.7 Insertion loss and impedance magnitudes of the equivalent circuits at nodes X,
Y (a, b) and the feedback tri-band load (c).
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loads. Therefore, most of the three pass-band signals and few of the two stop-band
signals will go through the inverting amplifier. On the other hand, the majority of the
two stop-band signals at node X flows into the tri-band load and feed-forwards to node Y
via the notches.

For simplicity, we may assume 1/gma is negligibly small, and correspondingly the
load impedance Z. at node X in Fig. 2.6(b) can be equal to the impedance Ztg2 given in
(2.13). While, the notch impedance Zn at node Y in Fig. 2.6(c) can be derived as

Ny (s)
Dy (s)
Ls (L, +Lp )C,C,
+5* [ +(yL, + LLy + L L3)C,Cy (2.26)
+Ls (L3 +Lp )C,Cq
+5°[LsCy +(Ly +L,)Cy + (Ly + Lg)Cq 41
Dy (5) = S(s2Ls Cy +1)[52(L2 +14)C,Cs +(C, +c3)]

Zy(s)=

Comparing the impedances in (2.13) and (2.26) reveals that the numerator of Zn
is the reciprocal of the denominator of Z.. Accordingly, the zeros of Zn, corresponding
to stop-band frequencies, are the same as the poles of Z., corresponding to pass-band
frequencies, as clearly seen in Fig. 2.7(b), and satisfy (2.17)—(2.19). Therefore, a tri-band
notch filter is created at node Y with its transmission response shown in Fig. 2.7(a). As a
result, the pass-band signals see the low-impedance notches at node Y and are fed-back
to node X through the notches. Meanwhile, the feed-forwarded and inverted stop-band
signals from node X are combined together and cancelled out at node Y. Consequently,

the feedback tri-band load in Fig. 2.6(a) can provide a negative feedback loop for the
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pass-band signals and a positive feed-forward path for the stop-band signals. Thereby, a
clear concurrent tri-band response by the closed-loop operation can be obtained as

shown in Fig. 2.7(c).

2.5 Summary and Conclusion

The new tri-band load composed of two passive LC notch filters with feedback
has been proposed. It provides stable and high stop-band rejection especially needed in
multiband components by overcoming the dependency of stop-band rejection
performance on the low quality factor of integrated passive inductors. Also, the
comparative analysis and comprehensive design principles of the conventional,
modified, and new feedback tri-band loads were presented. It should be noted that the
design principle of the feedback tri-band load with feedback notches is also applicable to

the design of dual-band or multiband loads having more than three pass-bands.
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CHAPTER IlI

CONCURRENT TRI-BAND LOW-NOISE AMPLIFIER”

This chapter presents a 13.5/24/35 GHz concurrent tri-band LNA implementing
the proposed feedback tri-band load described in Ch. Il. The developed concurrent tri-
band LNA provides stable and high stop-band rejection ratios of more than 30 dB
without additional area and power consumption. It achieves the lowest NF as well as the
best SRRs among the reported concurrent tri-band LNAs. This LNA is the first

concurrent tri-band LNA operating up to the mm-wave frequency regime.

3.1 Design of Concurrent Tri-band Low-Noise Amplifier

Figure 3.1 shows the schematic and main component values of the new
concurrent tri-band LNA employing the feedback tri-band load with two feedback
notches described in Ch. Il. The tri-band LNA is based on a two-stage cascode topology
to increase the forward gain and the reverse isolation. It has been designed using
TowerJazz’s 0.18-um SiGe BiICMOS technology [16].

All transistors (Qi-4) used in the tri-band LNA have identical size: one-finger
emitter having 0.15-um width and 10.16-pm length, and two-finger base and collector.

The first and second stages consume 8 and 12 mA, respectively, from a 1.8-V supply

*© 2013 IEEE. Reprinted, with permission, from J. Lee and C. Nguyen, “A 13/24/35-GHz Concurrent Tri-
band LNA with Feedback Notches,” in IEEE Topical Meetings on Silicon Monolithic Integrated Circuits in RF
Systems (SiRF) Dig., Jan. 2013, pp. 252-254. and J. Lee and C. Nguyen, “A Concurrent Tri-Band Low-Noise
Amplifier With a Novel Tri-Band Load Resonator Employing Feedback Notches,” IEEE Transaction on Microwave
Theory and Techniques, vol. 61, no.12, pp. 4195-4208, Dec. 2013.
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Component | Value | Unit
L, 40 pH
L, 230 | pH
L, 120 | pH
L, 160 | pH
Ly 310 | pH
[ 220 | pH
[ 20 pH
Lu 20 pH
Ly 120 | pH
Lys 320 | pH
Lg, 30 pH
Le, 185 | pH
C, 70 fF
C, 220 | fF
C, 220 | fF
Cy 300 | fF
Chz 254 | fF
Cyus 33 fF
R 217 | Q

Ra12 2 k(2

Fig. 3.1 Schematic and component values of the new concurrent tri-band LNA using the
feedback tri-band load.

voltage, which result in gm1 = 284 mS, gm2 = 283 mS, gm3 = 422 mS, and gms = 416 mS.
The maximum fr of 240 GHz is obtained from Qa.

Referring to the feedback tri-band load shown in Fig. 2.6, node Y of the tri-band
load is located between transistors Qs and Qs in the second stage amplifier as seen in
Fig. 3.1. For simplicity, we assume that the transconductance gms and gms of Qs and Qa,
respectively, are identical and the output impedance of Q2 is high enough. Also, we
ignore the small degeneration inductor Le> and the inter-stage matching components Cmz
and Lwm2. Then, from node X to Y, Qs can be represented as an ideal inverting amplifier
with voltage gain (A) of 1 (= gms x 1/gms). Thus, the feedback tri-band load using two
passive notches embedded into the tri-band LNA closes a feedback loop with the

inverting amplifier, as mentioned in Ch. Il (See Fig. 2.6(a)).
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Spiral inductors are used for the wideband loads (L4, Ls) and the out-of-band
rejection notch (Lwms), while microstrip transmission lines are used for inductors Lmzi-s,
Le1-2, and L1-3 for the input, output, and inter-stage matching purposes and the stop-band
notches due to their high Q-factor at the desired frequencies. The input and output RF
pads are also taken into account in the design of the matching networks. Approximate
values for these inductors are provided in Fig. 3.1. For accurate design and accounting
for the unavoidable parasitics and coupling effects, all inductors and interconnection
lines are thoroughly characterized by the EM simulator IE3D [17].

The previously reported tri-band LNAs in [14] and [15] used three distinct
resonators for the input matching at the desired frequencies. These tri-band input
matching networks require more inductors and capacitors as compared to a wideband
input matching network. Moreover, the noise introduced by the tri-band matching
network and the unwanted coupling from the complex routing between the components
and signal lines increases, especially at millimeter-wave frequencies. In order to achieve
low NF, the proposed tri-band LNA adopts a wideband input matching technique using
only a single high-Q inductor designed using a microstrip line at the base of Q1 [18].
This simple wideband input matching technique can also minimize the undesired
coupling by avoiding the routing complexity of the tri-band resonator components,
which in turn leads to less die area. The input matching network of the proposed tri-band
LNA is composed of Lwmi, Le1, and capacitance Cpap between the input RF-pad and the
substrate (not shown). The emitter degeneration inductors Lex and Le> are used to

enhance the matching and stability. Since the base inductor Lmi directly affects the NF,
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Lm1 has been designed to exhibit not only minimum resistive loss needed for low NF,
but also proper inductance for wideband input matching covering the whole tri-band. It
is particularly noted that, while the noise and gain matching in single-band LNAs can be
obtained simultaneously, it is extremely difficult to achieve both noise and gain
matching simultaneously for multi-band LNAs. Moreover, simultaneous multi-band gain
and NF matching at the input of LNAs would require many passive components, and
hence inadvertently degrading the NF due to the resistive loss originated from the
passive components. The employed wide-band matching technique can minimize the
NF, thereby lessening the need and hence difficulty in simultaneous tri-band gain and
NF matching.

The second-stage load is composed of Ls and Ryi, and the output matching
network consists of Cm23 and Lmss. The output RF pad is also included in the output
matching network. The load resistor Ri:1 enhances the stability and acts as a de-Q
resistor, reducing the Q of Ls to achieve wideband output matching characteristic. In
order to obtain a distinct third pass-band and suppress undesired out-of-band
interferences at higher frequencies, a band-stop filter composed of Lms and Cwms, having
a zero around 52 GHz, is inserted at the output of the second stage. Fig. 3.2 shows the
simulated power gain of the tri-band LNA with and without the out-of-band rejection
filter. As can be seen, the filter introduces a sharp roll-off skirt characteristic above 40
GHz and provides more than 20-dB out-of-band rejection ratio at 52 GHz.

The load inductor L4 is realized by a spiral inductor and a microstrip inductor in

order to reduce the layout area as well as the overall Q of the inductor. Thus, L4 mainly
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Fig. 3.2 Simulated power gain of the tri-band LNA with and without the out-of-band
rejection filter.

contributes to the wideband load characteristic in conjunction with Ci. The other part of
the load inductor, L1, and the two feedback notch inductors, L, and L3, are designed
using microstrip lines to maximize the inductor Q. The approximate Q-factors of 28, 25,
28, and 16 are obtained for L1, L2, Ls, and La, respectively, by EM simulations. Note that
since the load capacitor C; includes the parasitic capacitance at node X originated from
the loading effects of Cm1 and Lmz in the actual layout, its value (70 fF) is reduced from
that (280 fF) of the ideal feedback tri-band load shown in Fig. 2.6(a), while others
remain close to those of the feedback tri-band load as presented in Ch. II.

As mentioned in the preceding section, the feedback tri-band load using feedback
network provides more stop-band rejection and stable stop-band performance as
compared to the conventional and the modified tri-band loads. These advantages of the

feedback tri-band load can be verified by considering the alternative loads as shown in
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T... ) AC Ground
VCC C3

(b)

Fig. 3.3 Alternative loads of the first stage to verify the effectiveness of the new
feedback tri-band load with feedback notches: (a) wideband load by opening node Y
and (b) modified tri-band load by grounding node Y'.

Fig. 3.3. These alternative loads are obtained by disconnecting the common node Y’
between C» and Cz from the node Y in the second stage of the tri-band LNA in Fig. 3.1: a
wideband load by letting the common node Y' open and a modified tri-band load by
rerouting the common node Y' to the power supply node Vcc as shown in Figs. 3.3(a)
and (b), respectively. For verification purpose, these alternative loads are assumed to
maintain the same load configuration and share the same components modeled by EM
simulations from the feedback tri-band load; only the routing of node Y' is changed using
an ideal line.Figure 3.4 shows the simulated results for the tri-band LNA using the two
alternative and feedback tri-band loads. These responses have the same center frequency
of 24 GHz. With the wideband load, obtained when node Y' is open, the response is
wideband as exhibited by the parallel tank of Cy, L1, and Ls. With the modified tri-band
load, obtained when node Y' is connected to Vcc, the response displays a tri-band gain

characteristic. However, since the Q-factor of the modified tri-band load is limited by
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Fig. 3.4 Simulated power gain of the tri-band LNA with the feedback tri-band load,
modified tri-band load, and wideband load.

that of the passive inductors, the stop-band rejection ratio can only reach 12 and 15 dB in
the low and high stop-band, respectively.

Apparently, the concurrent tri-band LNA with the new feedback tri-band load
exhibits deeper notch responses with more than 35-dB stop-band rejection ratio in both
stop-bands, besides showing a clearer tri-band gain characteristic. In result, the tri-band
LNA also maintains a good gain imbalance, which characterizes the gain difference
between the highest and lowest peak gains in the three pass-bands, to below 3 dB with
the well-balanced high notch depths at both stop-bands.

It is interesting to investigate the sensitivity of the stop-band rejection ratio
against the inverting amplifier gain A in a closed loop operation. For the balanced notch

depths, we recall that the second-stage transistors Qs and Qa4 exhibit gms = 422 mS and
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gma = 416 mS, respectively, which lead to an amplifier gain of 1.01 (gms x 1/gm4). In the
investigation, we adjust the bias current corresponding to gms of Q4 and hence sweep the

inverting amplifier gain, while keeping the bias current for gms of Qs the same. The
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Fig. 3.5 Simulated power gain for different inverting amplifier gain A (a) and stopband

rejection ratio (SRR) as a function of A (b) of the tri-band LNA.
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inverting amplifier gain is tuned from 0.9 to 2.0, which ensures that Q3 and Q4 are in the
forward active region. Fig. 3.5(a) shows the power gain of the tri-band LNA for different
inverting amplifier gains. The high balanced notch depth responses at both stop-bands
are well maintained with maximum gain degradation of about 2.9 dB in the first pass-
band. The stop-band rejection ratios in both stop-bands remain around 35 dB or better as
shown in Fig. 3.5(b). The results show that stable and high stop-band rejection
performances over process variation and parasitic components can be achieved by the

nature of the negative feedback network as discussed in [19].
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3.2 Experimental and Simulated Results

The concurrent tri-band LNA was fabricated using TowerJazz’s 0.18-um SiGe
BiCMOS process [16]. All inductors and most interconnection lines were implemented
with the two topmost metal layers. The input and output RF pads with shield in the
bottom-most metal layer have been designed to exhibit optimal capacitance to the
substrate and satisfy the wideband matching requirement as parts of the matching
networks described earlier. Fig. 3.6 shows the die photograph of the fabricated tri-band
LNA. It occupies 1180 um x 500 xm including RF pads.

The concurrent tri-band LNA was measured on-wafer. Fig. 3.7 shows the
measured and simulated results for gain, NF, return loss, and reverse isolation. As can be
seen in Fig. 3.7(a), the tri-band LNA exhibits measured power gains of 22.4/23.7/20.2
dB at 13.5/24/35 GHz, respectively, and maximum gain imbalance of 3.5 dB. The
measured stop-band rejection ratios from the peak gain at 24 GHz to the loss at 17.7

GHz (low stop-band) and 28.7 GHz (high stop-band) are 41 and 30 dB, respectively. The

Fig. 3.6 Die micrograph of the fabricated concurrent tri-band LNA.
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measured 3-dB pass-bands are 11.2-15.2, 22.4-25.8, and 32.1-38.5 GHz. Fig. 3.7(b)

shows the best measured NF in the first, second, and third pass-band are 3.4, 3.2, and 3.7

dB, respectively. The measured input (S11) and output (Sz2) return losses are more than

9.5 and 7 dB, respectively, as seen in Fig. 3.7(c), and the measured reverse isolation (S12)

remains more than 45 dB across the entire tri-band as shown in Fig. 3.7(d). Fig. 3.8

shows the measured stability factors, satisfying the necessary and sufficient conditions

for unconditional stability, K > 1 and By > 0 [20]. Fig. 3.9 shows the measured input P1ds

(IP1¢8) and input IPs (11P3) with 1-MHz two-tone space at each peak-gain frequency. The
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Fig. 3.7 Measured and simulated results for (a) power gain, (b) NF, (c) S11 and S22, and

(d) Si2.
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tri-band LNA achieves IPigg of —21/-26.7/-24.1 dBm and IIP3 of -13.5/-17.1/-16.1
dBm at 13.5/24/35 GHz, respectively. It consumes 36 mW with a supply voltage of 1.8
V.
Table 3.1 summarizes the measured performance of the concurrent tri-band LNA
and those of published concurrent multiband LNAs. As can be seen, most concurrent
dual-band and tri-band LNAs were designed for low-GHz RF applications except those
in [10] and [11]. The developed tri-band LNA exhibits the best NF performance among
the tri-band LNAs, while operating at much higher frequencies, and the dual-band LNAs
reported in [10] and [11] which operate in similar frequency bands to 24 GHz. It also has
better gain than most of the reported dual-band LNAs and tri-band LNAs, except [11] at
10 GHz which is a dual-band LNA and [13] which is a tri-band LNA operating at much
lower frequencies. Also, the developed tri-band LNA achieves the best stop-band
rejection ratios among the reported tri-band LNAs. The developed LNA is the first

concurrent tri-band LNA operating up to the mm-wave frequency regime.

1000
100 |

10F

'
!
[}
'
I
1
!
I
]
1
L
d

—K ----Bj
'l L L 1 L L 'l L L 'l L L 1 0_0
5 10 15 20 25 30 35 40 45 50 55 60 65
Frequency (GHz)

Fig. 3.8 Measured stability factors K and B;.
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Measured Linearity at 13.5 GHz

Measured Linearity at 24 GHz
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Fig. 3.9 Measured input P1gg and input IP3 at: (a) 13.5 GHz, (b) 24 GHz, and (c) 35

GHz.

3.3 Summary and Conclusion

A 13.5/24/35-GHz concurrent tri-band LNA employing a novel feedback tri-band

load with two feedback notch filters has been successfully implemented with excellent

performance for the first time. The comparative analysis and comprehensive design

principles of the conventional, modified, and new feedback tri-band loads have been

presented. The effectiveness of the feedback tri-band load toward high stop-band

rejection has been demonstrated. The proposed concurrent tri-band LNA using feedback

notch technique can be implemented at other frequencies and expanded for other
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TABLE 3.1

PERFORMANCE SUMMARY OF THE DEVELOPED CONCURRENT TRI-BAND LNA

AND EXISTING CONCURRENT MULTIBAND LNAS

Pass-band | Stop-band
Ref. | Technolo Frequency | Gain NF 11P3 Su Gain Rejection | Power | Area
: WY1 (GHz) | @B) | @B) | @Bm)| (@B) |Imbalance | Ratio® | (mW) | (mm?)
(dB) (dB)
245 14 23 0 -25
5] | O 15 4 10 | 064
5.25 155 45 56 -15
2.4 7.6 5.7 -15 | -94
6] Oc'll\ﬁ'é‘sm 1 30 108 | 115
5.7 8.6 6.8 24 | -62
0.25-um 214 20 28 | -128 | -12
! SiGe:C 6.2 25 132 | 095
BICMOS 5.25 138 37 | -103 | -207
0.35-um 2.3 144 25 NA | -12.8
[9] SiGe 01 26.1 119 | 029
BICMOS 45 143 3.0 NA | -115
18 9.2 5.7 -2 -23
oy | Ogowm 28 9 8 | 033
245 12 6.4 -3 -24
10 25.3 53 N/A | —24.4
[11] Oélla'é‘sm 132 44 12 | 114
24 121 | 104 | NA | -179
0.945 18 46 | -128 | -7
(13 | Oi8xm 24 2 44 | <153 | 15 6 8/8 324 | 134
CMOS : : : ' :
5.25 23 44 | -147 | -10
18 10.1 3.7 17 | -106
.| 025um
[14] pnaok 245 10.8 47 0 -10.4 17 8/24 39 | 168
5.25 118 6.3 45 | -199
2.4 118 38 30 | —103
0.18-um
a - -
[15] partaok 35 117 40 21 104 18 53/77 | 135 | 0.75
5.2 10 3.7 04 | -135
135 22.4 34 | -135 | -95
This | O-18#m
Wor | siGe 24 23.7 32 | -171 | -145 35 41/30 36 | 059
BiCMOS
35 20.2 37 | -161 | -101

20nly simulated performances are reported.
bDifference between maximum pass-band gain and (low/high) stop-band loss.
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concurrent multiband LNAs having dual-band or more than three pass-bands, which are
attractive for multiband RF systems. Furthermore, the proposed feedback notch

technique is an attractive solution for rejecting large image or blocker signals.

47



CHAPTER IV

CONCURRENT DUAL-BAND LOW-NOISE AMPLIFIERS”

To create apparent multiple passband and stopband responses, several concurrent
multiband LNAs based on single-input single-output (single-to-single) topologies have
been developed at microwave and millimeter-wave frequencies. The positive feedback
transmission-line-based LC-ladder network [10] and synthetic quasi-TEM transmission
lines [11] were employed to build the dual-band matching circuits. However, these dual-
band LNAs suffer from low SRR at stopband [10] and large gain and NF imbalances
between the passbands [11]. The concurrent dual-band LNA in [21] uses two active
notch filters to overcome the low Q-factor of the integrated inductors, but it requires
additional area and/or power dissipation. The concurrent tri-band LNAs presented in
[22] and [23], which are reported in Ch. Ill, exhibit good gain balance and SRRs by
employing a feedback tri-band load as compared to the previous works. However, the
stopband performance of the feedback tri-band load is still governed by the notch
capacitor values, which is prone to process variation, as well as the effective Q-factor of
the feedback notch inductors affected by the physical inductor size relying on the given
layout periphery of the feedback path. Therefore, controlling the effective Q-factor of
the feedback notch filter would be necessary to maintain the high stopband rejection

performance over unavoidable variations including process, voltage, and temperature.

“© 2015 IEEE. Reprinted, with permission, from J. Lee and C. Nguyen, “K-/Ka-band concurrent dual-band
low-noise amplifiers using novel feedback dual-band loads with stopband rejection control,” submitted to IEEE
Transaction on Microwave Theory and Techniques, July 2015.
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Fig. 4.1 (a) Conventional and (b) modified dual-band loads. (c) Equivalent circuit of the
proposed inductor feedback dual-band load.

To overcome these problems, two concurrent dual-band LNAs are proposed by
employing two different types of feedback dual-band loads that significantly expand the
feedback notch technique presented in the concurrent tri-band LNA in [23] and Ch. 111 of
this dissertation. The developed concurrent dual-band LNAs are realized in a 0.18-pum

BiCMOS process and are capable of controlling the stopband rejection performance by
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varying the bias levels of the constituent second-stage’s inverting amplifier. The
analyses and designs of the conventional and proposed feedback dual-band loads are
firstly described to provide the insight and signify the advantages of the feedback loads.
Then, a 21.5/36.5-GHz concurrent dual-band LNA with an inductor feedback dual-band
load and another 23/36-GHz concurrent dual-band LNA with a new transformer
feedback dual-band load are presented. The latter provides more degrees of freedom for
the creation of the stopband and passbands as compared to the former. Both the
developed concurrent dual-band LNAs achieve the best NF and gain-balance
performance among the concurrent multiband LNAs reported at high microwave and

millimeter-wave frequencies.

4.1 Analysis and Design of Concurrent Dual-band Loads
4.1.1 Conventional Dual-band Load

Figure 4.1(a) shows a conventional dual-band load [5], [21]. It is formed by
combining the wideband resonator (L:—C1) and the stop-band notch filter (L.—C>) in

parallel. The impedance Zpg: of the conventional dual-band load is obtained as

Npga ()

Dpg1(s)

Npg1(s) = sby (1+5%L,Cy) (4.2
Dpg; (8) = $* L, L,C,C, +82(L,C; + L,C, + L,Cy) +1.

Zpgy(s) =

By letting Nps:1 and Dpsg: in (4.1) equal to zero, the stopband notch frequency
(ws,pe1) and the two passband frequencies (wp1,2,081) can be found respectively as

1

W =—
S,DB1 \/E
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Gib s [Cl+|'2+1] 4Gk
C, L C, L Coly 4.3)
2C,L, ' '

Wp1 2 pB1 =

Since the Q-factor of capacitor is usually much higher than that of an integrated
inductor, the stopband rejection performance of the conventional dual-band load, as
inferred from (4.2), mainly depends on the Q-factor of the notch inductor L, [23]. To
overcome this issue, a modified dual-band load is created by separating the wideband
load inductor L in Fig. 4.1(a) into two inductors L1 and Lz as depicted in Fig. 4.1(b).

The impedance Zpg2 of the modified dual-band load impedances can be derived as

_ Npgz (8)
Zoe2(8) Dpg2 (S)
Npg2 (8) = S°[(L + Lg) Ly + LiLsIC, +5(Ly + Ly) (4.4)

Dpg» (S) = 54[(L1 + L)L, + L 15]C,C,
+57[(Ly + Ly)Cy + (L + L,)C,]+1.

From Npg2 and Dpg2 in (4.4), the stopband and passband frequencies of the

modified dual-band load can be found as

] 1 J 1
ws pgy = = (4.5)

L+Ls

where Lp=L;L3/(L1+L3), and

Wp12 DB2 =
2 L, + Lils
L+l Co gy f[latbe Co q) 4G~ Litls (4.6)
L+l G L+l G C, L+l
2C,| L, + hibs
L +L

o1



respectively. The notch inductor L in the dual-band loads should be designed to meet
the required inductance value for creating the stopband at the desired notch frequency
described in (4.2) and (4.5).

With given passband and stopband frequencies, it is straight forward to determine
the required inductor and capacitor values of the conventional and modified dual-band
loads with (4.2)—(4.3) and (4.5)—(4.6), respectively. Comparing (4.2) and (4.5), it is
evident that the modified dual-band load provides an additional degree of freedom in
selecting the stopband notch frequency by adjusting the parallel inductance Lp consisting
of L1 and Ls. However, the stopband rejection performance is still limited by the
effective Q-factors of the (passive) inductors L and Lp. In order to compensate for the
low Q-factor of the inductors, two new dual-band loads based on the feedback concept

are proposed and implemented with inductor and transformer as follows.

4.1.2 Proposed Inductor Feedback Dual-band Load

Figure 4.1(c) shows the equivalent circuit of the proposed feedback dual-band
load with an inductor notch. Even though this inductor feedback dual-band load is
designed based on the feedback tri-band load in [23], it is necessary to describe its
operation and design principles in order to understand the principle behind the
development of the new transformer-based feedback dual-band load as well as to
introduce unique characteristics of controlling the stopband rejection performance of the

developed dual-band LNAs to be described in Section 4.2.
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The inductor feedback dual-band load in Fig. 4.1(c) is created by rerouting the
AC ground node of C, of the modified dual-band load in Fig. 4.1(b) to node Y of the
inverting amplifier (—A) to form a closed loop. As illustrated in the schematic of the
concurrent dual-band LNA shown in Fig. 4.3 (to be described later), this AC ground
node is connected to node Y of the LNA’s second stage. Referring to Fig. 4.1(c), the
feedback dual-band load impedance Z.1 seen at node X is same as Zpg2 in (4.4) and can

be obtained as

Z1(S)=Zpgy(s) = ’[\;Lg;
L1

N i(s)= 53[('—1 +Lg)L + L L3]G, +s(lL + L) 4.7
Dp,i(s) = s* [(L + L)L, + L1L5]C,C,
+5%[(Ly + Lg)C,y + (L + L,)Cy1+1.

while, the notch impedance seen at node Y is derived as

N1 (S)
7 _ _'N1
n(® Dn1(8)
N (8) = s*[(Ly + L) L, + L1Ls)CiCy (4.8)

+5°[(Ly + Lg)Cy + (Ly + Ly)Cy1+1

At node X, since Z.1 = Zpg2, most of the stopband signal experiences a low impedance
load, hence flowing into the embedded dual-band load and then feed-forwarding to node
Y. On the other hand, the two passband signals see a high impedance load at node X,
forcing them to travel toward the inverting amplifier together with a small amount of the
residual stopband signal. Since most of feedforwarded and few of the inverted stopband
signals are out-of-phase at node Y, they are cancelled out. Interestingly, as can be seen,
the numerator Nnz in (4.8) is equal to the denominator Dy1 in (4.7). This phenomenon
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creates a dual-band notch filter at the passband frequencies at node Y. Therefore, the
passband signals see the low impedance Zn: through the feedback path of the notch
filter. The inductor feedback dual-band load indeed establishes a negative feedback loop
with the inverting amplifier. As a result, a clear concurrent dual-band response with high
stopband rejection performance can be achieved due to the interaction between the
negative feedback passband signals and the cancellation of the feedforwarded and

inverted stopband signals in the proposed feedback dual-band load.

4.1.3 Proposed Transformer Feedback Dual-band Load

Proper value for the notch inductor L in the inductor feedback dual-band load is
needed to create the desired stopband. However, the physical layout area of L, depends
on the geometric dimension of the feedback path from the output node Y of the inverting
amplifier to the input node X. This imposes difficulty in the design of the high-Q notch
inductor and restricts the use of the inductor feedback notch technique in spite of its
good stopband rejection capability. To overcome this restriction, another feedback dual-
band load employing a transformer notch instead of an inductor notch is proposed as
shown in Fig. 4.2. Fig. 4.2(a) shows a new dual-band load constructed by replacing the
notch inductor L» in Fig. 4.1(b) with the transformer Lt. Fig. 4.2(b) illustrates the
proposed transformer feedback dual-band load formed by rerouting the AC ground node
of C2to node Y.

The transformer operates based on the mutual inductance (M) between the

primary (L2p) and secondary (L2s) inductors. Apparently, the transformer notch provides
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Fig. 4.2 (a) Transformer-based dual-band load and (b) equivalent circuit of the proposed
transformer feedback dual-band load.

more degrees of freedom to create the stopband response as compared to the single-
inductor notch of the inductor feedback dual-band load described in Section IlLA. The

mutual inductance of the transformer can be represented asM =k./L,pL,s , Where Kk is the

magnetic coupling coefficient. By replacing the notch inductance Lz in (4.5) with the
transformer mutual inductance M, the stopband frequency of the proposed transformer

feedback dual-band load can be obtained as

Ws pp3 = L L :\/(M +]I-_ c, 4.9
\/(k\/ Loplos + L 1+3L )C, i
1t L3

By choosing a proper structure for the transformer, adjusting the self-inductance
values of the two winding inductors, and optimizing the magnetic coupling coefficient k

on a given periphery of the feedback path, the proposed transformer feedback dual-band
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Fig. 4.3 Schematic of the concurrent dual-band LNA employing the inductor feedback
dual-band load shown in Fig. 4.1(c).

load can provide more flexibility to control the effective Q-factor of the stopband notch
inductance (M + Lp) as well as the coupling strength affecting the delivery of the
feedback passband signals and feedforward stopband signal, which would improve the

performance of dual-band LNAs.

4.2 Concurrent Dual-band Low-Noise Amplifiers

In this section, two concurrent dual-band LNAs employing the proposed inductor
and transformer feedback dual-band loads are proposed as shown in Fig. 4.1(c) and Fig.
4.2(b), respectively. Figs. 4.3 and 4.4 show the schematics of the concurrent dual-band
LNAs employing the inductor and transformer feedback dual-band loads, respectively.

These concurrent dual-band LNAs were designed with the TowerJazz’s 0.18-pum
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Fig. 4.4 Schematic of the concurrent dual-band LNA employing the transformer
feedback dual-band load shown in Fig. 4.2(b).

BiCMOS process having fr/fmax of 240/280 GHz [24] and aimed for various K-/Ka-band

applications.

4.2.1 Design of Dual-band LNAs Employing Proposed Feedback Dual-band Loads
The concurrent dual-band LNAs are based on the same platform and have the
same component values except those of the embedded feedback dual-band loads. A two-
stage cascode topology was used to increase the power gain and the reverse isolation of
the LNAs. Table 4.1 summarizes the passive component values used in the concurrent

dual-band LNAs. It should be noted that the inductances shown in Table 4.1 are
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TABLE 4.1
COMPONENT VALUES OF CONCURRENT DUAL-BAND LNAS

Component LNA with LNA with Component LNA with LNA with
Inductor Transformer Inductor Transformer
Lms 250 pH Cm1 1.585 pF
Lmz 170 pH Cm2 200.6 fF 104.1 fF
Lwms 290 pH Cwms 143.2 fF
Ly 30 pH 50 pH C: 106.8 fF 43.1fF
132 pH (Lz) 260.6 fF (Czp)
Lo 200 pH Cx 192 fF
141 pH (Las) 13.1 pF (Czs)
Ls 90 pH 100 pH Ce1. 9.87 pF
L4 200 pH Cgsa 11.8 pF
Les 30 pH Ru 21.7 Ohm
Le2 40 pH Rg1.2 2 kOhm

approximate values extracted from the 3D EM simulation results of IE3D [17], and they
might be different with the schematic level inductor values.

The concurrent dual-band LNA in Fig. 4.3 employs the inductor feedback dual-
band load between the first-stage’s output node X and the second-stage’s node Y. The
concurrent dual-band LNA shown in Fig. 4.4 uses the transformer feedback dual-band
load with a DC block capacitor (Czs) added in series to the secondary winding inductor
(L2s) of the transformer. The transistor Qs of the second-stage common-emitter amplifier
acts as an inverting amplifier seen in Figs. 4.1(c) and 4.2(b). All transistors (Q1-4) have
an identical size composed of a one-finger emitter having 0.13-um width and 10.16-pm
length, and two-finger base and collector.

A wideband matching technique [18] covering the entire dual passbands is used

at both the input and output of the concurrent dual-band LNAs. This wideband matching
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Fig. 4.5 Micrographs of the fabricated concurrent dual-band LNAs: (a) with the
inductor feedback dual-band load, (b) with the transformer feedback dual-band load,
and (c) zoom-in area of the transformer feedback dual-band load employed in (b).

at the LNA input requires less number of matching inductors as compared to the other
dual-band LNAs in [5], [6], and [7], which employ dual-band input matching techniques
for each passband, thereby resulting in smaller layout area as well as better NF
performance due to lower routing metal resistances of inductors. The (small) inductances
and parasitic capacitances of the input and output pads were taken account into the

design of the matching networks. The emitter degeneration inductors (Le1, Le2) and the
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second-stage load resistor (RL1) are used to provide good stability and matching
performances over the desired passbands.

Figure 4.5 shows the photographs of the fabricated concurrent dual-band LNAs
dies and the zoom-in area of the transformer feedback dual-band load. These LNAs
occupy an identical area of 1.5 mm x 0.93 mm including pads, but the LNA core area is
only 1.02 mm x 0.47 mm.

As every node-to-node interconnection line could behave as an inductor,
transmission line, or a combination of these depending on its physical configuration, it is
important to use proper types of interconnections for the actual layout of LNAs
operating at high microwave (> 10 GHz) and millimeter-wave frequencies. To establish
a firm ground plane as well as to provide small undesired (for interconnection) or
desired inductances at the same time, the designed concurrent dual-band LNAs use two
types of transmission lines — coplanar waveguide (CPW) and grounded coplanar
waveguide (GCPW) [25]. For example, the matching inductors Lmi, Lms, and Li-s, are
designed with hybrid inductor structures combining CPW and spiral inductors together.
The emitter degeneration inductors Lg1 and Le2 are designed with a CPW structure only
to ensure small inductance values with concrete ground return paths. The interstage
matching inductor Lm: is solely designed with a GCPW structure in order to provide a
better ground plane for the isolated land enclosed by the feedback dual-band loads as
seen in Fig. 4.5(c).

The L-shape transformer Lt seen in Fig. 4.5(c) is designed with a stacked metal

structure using the two top-most metals Ms and Ms. The parasitic capacitance at the first-
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stage’s output node X causes more detrimental effect on the LNA gain degradation than
that at the second-stage’s node Y. Thus, the top metal Ms is used for the secondary
inductor (S1-S2) to minimize the parasitic capacitance at node X, while the metal Ms is
used for the primary inductor (P1-P2) connected to node Y seen in Fig. 4.5(c). The DC
block capacitor Cys is chosen to be much larger than Cop so that not to create an
undesired notch response within the desired passbands by the Los—Coas pair in the
secondary signal path. The notch response of more than 10 dB occurs at around 3.5 GHz
by the Los—Cos pair. Extensive EM simulations were carried out thoroughly for the
inductors, from each inductor unit to the whole feedback dual-band load structure
including the load inductors (L1, L3), the feedback transformer (Lt) and the inter-stage
matching inductor (Lm2). The simulated performance of the designed feedback
transformer is obtained with the magnetic coupling coefficient k of 0.42, the Q-factors of
15.7/16 and the self-inductance values of 141/132 pH for the primary/secondary

inductors, respectively, at 30 GHz.

4.2.2 Enhancement of Stopband Rejection Performance

Recalling from the operation principle of the feedback dual-band loads explained
in Section 4.1, the concurrent dual-band LNAs shown in Figs. 4.3 and 4.4 operate based
on both the negative feedback loop of the passband signals as well as the feedforwarded
and inverted stopband signal cancellation at node Y. The two passband signals see the
high impedance load at node X and are delivered to the inverting amplifier together with

a small amount of the stopband signal. However, since most of the stopband signal
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Fig. 4.6 Power gain (S21) simulation results of the concurrent dual-band LNAs having
the inductor (a) and transformer (b) feedback dual-band loads with and without
feedback.

experiences a low impedance load at node X, it flows into the embedded dual-band load
and feedforwards to node Y. Most of feedforwarded and few of the inverted stopband
signals are out-of-phase at node Y, hence cancelling out. Therefore, the concurrent dual-
band LNAs achieve a clear concurrent dual-band response as well as high stopband
rejection performance by compensating for the low Q-factor of the integrated inductors.
The creation of distinguishable passbands and stopband with high SRR can be
examined with the power gain responses (Sz1) of the concurrent dual-band LNAs with
and without the feedback loop connection. From Figs. 4.3 and 4.4, by disconnecting
node Y' from node Y of the second-stage and connecting Y' to the power supply node
Vce, the embedded inductor and transformer feedback dual-band loads are transformed
to the modified dual-band loads shown in Figs. 4.1(b) and 4.2(a), respectively. On the
other hand, when node Y" is disconnected from Y and left open, the embedded feedback

dual-band loads can be seen as a simple wideband (or tuned) load composed of Lj, L3
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TABLE 4.2
SIMULATED PERFORMANCE SUMMARY OF DUAL-BAND LNAS WITH AND WITHOUT FEEDBACK

Without Feedback With Feedback
LNA Unit
Sop at fpla/fpzb So1 at fs¢ SRR So1 at fp/fey | Spr atfs SRR
With 27.3 12.7 225 32.0 dB
Induct 14.6 -9.5
hductor 276 13.0 21.8 313 | dB
With 27.4 8.6 22.0 34.0 dB
Transformer 18.8 —12.0
28.7 9.9 21.2 33.2 dB

aCfpy, fpp, and fs represent the respective low- and high-passband, and stopband frequencies
exhibiting maximum passband gain and stopband loss.

and Ci, which resonates at around 30 GHz. Fig. 4.6 verifies the advantage and
usefulness of the proposed feedback dual-band loads through comparisons of the
simulated power gain responses of both LNAs with and without the feedback loop
connection. Table 4.2 summarizes the simulation results. For simulations, the concurrent
dual-band LNAs without the feedback loop connection keep the same EM simulated
component values as those in the counterparts with the closed feedback loop, but only
node Y' is ideally rerouted to the power supply node Vcc by opening the feedback loop
Y-Y'. The proposed concurrent dual-band LNASs have been designed to achieve Sz1 > 20
dB with passband gain imbalance < 1 dB and SRR > 30 dB for this verification.

From Fig. 4.6 and Table 4.2, it is clearly seen that, as compared to the concurrent
dual-band LNAs without feedback loop connection, those employing the feedback dual-
band loads can achieve excellent SRRs, which are improved by 19.3/18.3 dB and
25.4/23.3 dB for the concurrent dual-band LNAs with the feedback inductor and

transformer at low/high passbands (fr1/fp2), respectively. Furthermore, these LNAs can
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achieve much higher SRRs by adjusting the bias current of the second-stage’s inverting

amplifier as described in the following section.

4.2.3 Control of Stopband Rejection and Gain Balance

The proposed inductor and transformer feedback dual-band loads include an
inverting amplifier in their closed loop configuration as shown in Fig. 4.1(c) and Fig.
4.2(b). The second-stage’s transistors (Qz) with a common-emitter (CE) topology of the
concurrent dual-band LNAs shown in Figs. 4.3 and 4.4 act as the inverting amplifier. For
simplicity, we assume that the interstage matching inductor (Lm2) and capacitor (Cm2)
and the small degeneration inductor (Le2) can be absorbed into the inverting amplifier.
Adjusting the bias current of the second-stage amplifier in the complete dual-band LNAs
provides fine tuning capability of both the passband power gain responses and the
stopband rejection performance at the same time. This bias tuning technique can be
effectively used to optimize the stopband notch depth by compensating for possible
changes of the Q-factor of the feedback LC notch filter due to various design factors,
notably the inevitable process variation. This is useful for finding the optimum bias
points of the dual-band LNAs to achieve not only low gain imbalance between the
passbands, but also high SRR at the stopband.

Figures 4.7(a) and 4.8(a) show the simulated S1 results of the LNAs as a
function of Vge2. As Veez is increased from 0.83 V to 0.94 V, (corresponding to increase
of the base current Ig2 from 2.07 pA to 15.52 pA, which results in increase of the collect

current Ic2 from 2.54 mA to 14.92 mA), the passband gains of both LNAs become
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Fig. 4.7 (a) Power gain (S21) simulation results of the concurrent dual-band LNA with
feedback inductor load for different Vge2 from 0.83 V to 0.94 V, (b) passband peak S»1
and stopband minimum Sz1, and (c) passband gain imbalance and SRR.

higher. However, the deep stopband notch responses only occur at certain bias points as
shown in Figs. 4.7(b) and 4.8(b). These deep notches in the stopband happen when the
feedforwarded stopband signal through the notch filter and the inverted stopband signal
by the second-stage’s inverting amplifier are exactly out-of-phase at node Y. The deepest

stopband notch responses of —41/—39.3 dB are obtained with Vgg2 of 0.9/0.886 V for the
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dual-band LNA with feedback inductor/transformer, respectively. The passband signals
exhibit higher gain responses as the Vge: is increased and they experience no detrimental
effect from the stopband signal cancellation.

The gain imbalance and SRR performances calculated from the Sy: responses of
the concurrent dual-band LNAs are shown in Figs. 4.7(c) and 4.8(c), respectively. The

gain imbalance is calculated from the difference between the peak gains in the low- and
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high-passband. The SRR measures the difference between the peak gain in one passband
and the highest rejection at the notch frequency of the stopband. When the Vge2 of larger
than 0.87 V is applied, which corresponds to Ig2 of 5.31 pA and Ic2 of 6.07 mA, both the
LNAs achieve the SRRs higher than 30 dB. The SRRs higher than 20 dB can be
obtained when Vge2 larger than 0.84 V is applied. It is also found that there are certain
Vee2 windows of around 30 mV (0.845-t0-0.875 V) over which gain imbalance lower
than 1 dB is achieved for both LNAs. Therefore, the concurrent dual-band LNAs can
provide great flexibility in finding optimum bias operating points to achieve both low
gain imbalance and high SRR performances by compromising the LNA specifications
such as power gain and linearity. The substantial SRR improvement of the designed
dual-band LNAs validates the unique characteristics and effectiveness of the proposed

feedback dual-band loads.

4.3 Experimental and Simulated Results

The concurrent dual-band LNAs were measured on-wafer. For both LNAs, a 1.8-
V power supply voltage (Vcc) was used, and the first-stage bias voltage (Vee1) was fixed
at 0.9 V, which drew around 9.5 mA. Then, the second-stage bias (Vee2) was tuned to
find optimum operating points for either a high gain with minimum gain imbalance (high
gain mode) or a largest SRR (high SRR mode). Figs. 4.9 and 4.10 show the measured Sz1,
gain imbalance, and SRR of the concurrent dual-band LNAs as a function of Vge>.

Comparing the simulated and measured results of these LNAs in Figs. 4.7 and

4.9 and 4.8 and 4.10, it is found that the measured optimum Vge2 bias points for the
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Fig. 4.9 (a) Measured Sy1 of the concurrent dual-band LNA with feedback inductor load
in passbands and stopband. (b) Measured gain imbalance and SRR obtained from (a).
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Fig. 4.10 (a) Measured Sy1 of the concurrent dual-band LNA with feedback transformer
load in passbands and stopband. (b) Measured gain imbalance and SRR obtained from

().

largest SRRs occur at lower bias levels (0.846/0.832 V for the dual-band LNA with
feedback inductor/transformer) with slightly higher gain imbalances than the simulated
ones (0.9/0.886 V). These discrepancies mainly originated from the process variation of
the capacitor C», which slightly changes the stopband notch frequency as well as the
effective Q-factor of the passive LC notch filters. It should be noted that this process

variation is usual for most amplifiers using integrated capacitors. Nevertheless, the
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Fig. 4.11 Measured and simulated results of the concurrent dual-band LNA with
feedback inductor load in high gain and SRR modes: (a) power gain, (b) Si1, S22, and
S12, and (c) NF.

developed concurrent dual-band LNAs employing the proposed feedback dual-band
loads can overcome the effective Q-factor change of the passive notch filter by
controlling the Vge2 of the second-stage’s inverting amplifier, and thus they can provide
high stopband rejection over the process variation as compared to conventional dual-
band LNASs, which is a significant and useful feature in practice.

Figures 4.11 and 4.12 compare the simulated and measured results of the

concurrent dual-band LNAs in both high gain and high SRR operation modes. As shown
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Fig. 4.12 Measured and simulated results of the concurrent dual-band LNA with
feedback transformer load in high gain and SRR modes: (a) power gain, (b) Si1, S22, and
S12, and (c) NF.

in Fig. 4.11, the concurrent dual-band LNA with feedback inductor load in high gain
mode achieves peak gains of 21.3/23.2 dB at 21.5/36.5 GHz, respectively. The measured
3-dB bandwidths of the low and high pass-bands are 6.6 GHz (18-24.6 GHz) and 8 GHz
(33.4-41.4 GHz), respectively. The measured best NFs are 2.6/2.5 dB in the respective
low/high passband. The measured IP1¢s and I1P3 in the low/high passband are —23.4/—24

dBm and —15.3/=17.1 dBm, respectively. The concurrent dual-band LNA with feedback
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inductor load achieves the best SRRs of 43.9/48.8 dB with low/high passband gains of
16.6/21.5 dB, respectively.

The concurrent dual-band LNA with feedback transformer load in high gain
mode exhibits almost identical passband gains of 21.8 dB at 23/36 GHz with the gain
imbalance of less than 0.1 dB as seen in Fig. 4.12. This LNA achieves measured 3-dB
bandwidths of 6 GHz (19.3-25.3 GHz)/8.2 GHz (33.1-41.3 GHz) and best NFs of
2.4/2.5 dB in the low/high passband, respectively. The IPigg of —26.2/—25.6 dBm and
IIP3 of —16.2/—16.4 dBm were measured in the respective low/high passband. In high
SRR mode, the LNA achieves the best SRRs of 51.7/54.4 dB with low/high passband
gains of 14.1/16.8 dB, respectively. It has also been confirmed that these LNAs are
unconditionally stable for all operation modes.

Table 4.3 summarizes and compares the performances of concurrent multiband
LNAs operating at similar frequencies above 10 GHz. Both the developed concurrent
dual-band LNAs show the best NF and gain imbalance performances. To the best of the
authors’ knowledge, the concurrent dual-band LNA employing the proposed transformer
feedback dual-band load also achieves the best SRRs with the lowest gain imbalance

among the reported concurrent multiband LNAs including those operate below 10 GHz.

4.4 Summary and Conclusion
The inductor and transformer feedback dual-band loads have been proposed to
overcome the low Q-factor of integrated inductors commonly encountered in concurrent

multiband LNAs. Two concurrent dual-band LNAs using the proposed feedback dual-

71



TABLE 4.3
PERFORMANCE SUMMARY AND COMPARISON OF CONCURRENT MULTIBAND LNAS

Passband | Stopband
Reference | Technolo Frequency | Gain NF 11P5 Su Gain Rejection | Power Area
%! (GHz) | @B) | (dB) | (@Bm)| (dB) | Imbalance | Ratic® | (mwW) | (mm?)
(dB) (dB)
18 9.2 5.7 -2 | -23 6.2
[10] O(':l'\i'gsm 28 8 0.33
245 12 6.4 3 | -24 9
013 10 253 | 53 | N/A | 244 54
[11] éMgSm 13.2 12 1.14
24 121 | 104 | N/A | =179 40.8
0.18-um 235 219 | 51 |-104 | -28 24
1Ge . .
[21] SiG 5.3 36 0.19
BiCMOS 35.7 166 | 72 | -83 | -14 18.7
13.5 224 | 34 | -135| -95 41
0.18-um
23 SiGe 24 237 | 32 | -17.1 | -145 35 N/A 36 0.59
[ /
BiCMOS
35 202 | 37 |-161 | -10.1 30
This Work 215 | 231 26 1 153 g5 22.8 (439
(LNAwith | O-1&#m P (16.6)| (2.9) ' ' BE |4
Feedback SiGe 1.9 (4.9) (23.4) 0.48
e BiCMOS 36.5 232 25 | 471 | _96 24.7 (48.8) '
Inductor) : (21.5) | (2.7) : : : :
This Work 218 | 24
- 23 -16.2 | -9.2 17.5 (51.7
(LNAwith | O-1&#m (14.1) | 3.0) GLD1 34,
Feedback SiGe <0.1(2.7) (225) 0.48
BiCMOS 36 218 | 25 16.4 | -9.4 17.5 (54.4 '
Transformer) (16.8) | (2.8) | ™ - 5(544)

aThe values shown inside () are measured results with the high SRR mode operation.
bDifference between the maximum gain at each passband and stopband loss.

band loads have been successfully developed for various K-/Ka-band applications. The
developed concurrent dual-band LNAs achieve superior stopband rejection and gain
balance performances over possible design variations including process variation by
controlling the bias levels of their second-stage’s inverting amplifier, which is attractive
for practical implementations in actual RF systems. The concurrent dual-band LNA
employing the transformer feedback dual-band load provides more flexibility for the

creation of the stopband and passbands by optimizing the transformer design on a given
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feedback geometry. These dual-band LNAs achieve unprecedented NF and gain balance
performances. Moreover, the concurrent dual-band LNA with the transformer feedback
dual-band load achieves the highest SRR among the reported concurrent multiband
LNAs. The proposed dual-band loads and corresponding concurrent dual-band LNAs
could be extended for multiband design not only for amplifiers but also for other

components.
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CHAPTER V
CONCURRENT DUAL-BAND SINGLE-TO-DIFFERENTIAL

LOW-NOISE AMPLIFIER”

Single-input to differential-output (single-to-differential) conversion circuits,
such as passive and active baluns, 180-deg hybrid couplers, transformers, etc., have been
widely used in many RF communication and radar systems. These single-to-differential
circuits can be placed right after an LNA in RF receiver front-ends to convert a received
single-ended RF signal into a pair of differential signals as desired. Single-to-differential
LNAs can also be used in RF receiver front-ends in lieu of separate LNAs and baluns,
effectively making low-noise amplified or active baluns. Many single-to-differential
LNAs and active baluns operating above 20 GHz have been reported in single narrow
[26]-[31] and broad [32]-[38] bands. Since most broadband single-to-differential LNAS
and active baluns provide lower gain or even loss, they have higher noise figure (NF) as
compared to those designed for narrow bands. They also occupy larger die area than
their narrow-band counterparts. Therefore, for narrow-band applications, narrow-band
single-to-differential LNAs and active baluns are more desirable than those designed for
broadband operations due to their advantages of higher gain, lower NF, and smaller size.

Next-generation wireless communication, sensing, and radar systems are aimed

for operating frequencies in the higher microwave (> 20 GHz) or millimeter-wave

“© 2015 IEEE. Reprinted, with permission, from J. Lee and C. Nguyen, “A novel concurrent dual-band single-
to-differential low-noise amplifier architecture implementing transformer feedback and its design in K- and Ka-band
on a 0.18-um SiGe BiCMOS,” submitted to IEEE Transaction on Microwave Theory and Techniques, Aug. 2015.
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regions. Furthermore, multiband multi-standard wireless communication, sensing and
radar systems designed to operate over multiple frequency bands simultaneously in the
high microwave or millimeter-wave regimes are also desired to increase data rates as
well as to accommodate various applications combining multiple standards together. To
support the development of those microwave and millimeter-wave multiband wireless
communication, sensing and radar systems, several concurrent multiband single-end
integrated circuits, such as LNAs [11], [21]-[23], [39] and power amplifiers [25], [40],
have been developed. Moreover, there have been just two switching (or reconfigurable)
dual-band balun-LNAs with only simulated results reported for applications below 10
GHz [41], [42]. To date, no concurrent multiband single-to-differential amplifiers have
been reported above 10 GHz despite of their essential role in multiband RF systems at
these frequencies. Development of such amplifiers is therefore essential, especially those
operating in the high microwave and millimeter-wave regions and those designed to
maintain the advantages of high gain, low NF, and small size of narrow single-band
single-to-differential LNAs as mentioned earlier over multiple bands.

In this chapter, the first true concurrent dual-band single-to-differential LNA and
its design on 0.18-um BiCMOS for various K-/Ka-band applications are presented. The
designed dual-band single-to-differential LNA converts two simultaneous independent
single-ended input signals at around 22 and 36 GHz into 180° out-of-phase differential
signals at its output without any switching activity. The LNA especially employs a new
transformer feedback dual-band load in order to provide high gain and low NF in the two

passbands as well as to produce a high attenuation in the stopband (around 29 GHz)
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placed between the passbands. A detailed operating principle of the new transformer
feedback dual-band load is analyzed first, and the design and measurement results of the

developed dual-band single-to-differential LNA are then presented.

5.1 Review of Single-ended Feedback Multiband Loads

Concurrent dual-band LNAs simultaneously receive and amplify signals in two
passbands, and then deliver them to the following stages without any switching
mechanism. At the same time, they also create a notch in the stopband to attenuate the
undesired interference, image, or blocker signals. The conventional dual-band resonator
reported in [5] and [21] can be used as a passive dual-band load at the output of an
amplifier to create a concurrent dual-band response by combining the wideband response
and the notch response of two LC pairs. Since the stopband rejection performance of
most concurrent dual-band amplifiers using the conventional passive dual-band load is
mainly determined by the Q-factor of the constituent integrated notch inductor, the notch
inductor should be designed to have a high Q-factor at the stopband frequency (e.g. Q >
30 for SRR > 20 dB) as seen in Ch. Il [23]. However, the design of high-Q integrated
inductors at millimeter-wave frequencies is challenging due to unavoidable parasitic
components. In order to compensate the low Q-factor of integrated notch inductors and
provide high stopband rejection performance, the inductor feedback tri-band load was
developed in [22] and [23], which was described in Ch. Il. The reported concurrent tri-
band LNA employing the feedback tri-band load [23] achieved high SRRs of more than

30 dB as seen in Ch. IlI.
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In order to provide more degrees of freedom in the design of the notch inductor
as well as to effectively use its physical layout area in the given feedback path, the
passive transformer-based feedback dual-band load was developed as presented in Ch.
IV. The reported transformer feedback dual-band load provides more flexibility in the
design of an integrated notch inductor as well as high stopband rejection performance by
adjusting the self-inductance values of the two winding inductors and optimizing the
magnetic coupling coefficient k on a given periphery of the feedback path. The
transformer feedback dual-band load additionally provides the stopband rejection control
capability to maintain high SRR over undesired process variation. The concurrent dual-
band LNA using the transformer feedback dual-band load in Ch. IV exhibited more than
50-dB SRR.

Although the reported concurrent multi-band loads using feedback inductors and
transformers can achieve good stopband rejection performance, they are only suitable for
single-input to single-output (single-ended) amplifiers. In the following section, we will
present a novel transformer feedback single-to-differential dual-band load suitable for

concurrent dual-band single-to-differential LNAs.

5.2 Design of Single-to-Differential Transformer Feedback Dual-band Load
Figure 5.1(a) shows a simplified equivalent circuit of the proposed single-to-

differential transformer feedback dual-band load. It is created based on the transformer

feedback single-ended dual-band load shown in Fig. 4.2. Each terminal of the primary

winding inductor (L2p) is connected to the differential output node Y-Y” of the single-to-
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Fig. 5.1 (a) Full equivalent circuit and (b) a half-circuit of the proposed single-input to
differential-output transformer feedback dual-band load.

differential inverting amplifier (-2A) in series with the two notch capacitors (C2, C2").
The two capacitors used in the feedback notch filter are identical (C2° = Cy). The
stopband notch is mainly created by the combination of Lop, C> and Cz", while the
inverting amplifier, functioning as a second-stage amplifier of the proposed LNA (see
Fig. 5.2) to be described in Section Ill, provides the single-to-differential signal
conversion over the entire passbands

The operating principle of the proposed single-to-differential transformer
feedback dual-band load can be described with a half-circuit as shown in Fig. 5.1(b). In
the half-circuit, the gain of the single-to-differential inverting amplifier is changed from
—2A to —A representing a single-ended inverting amplifier. Also, the primary inductance
(L2p) of the transformer is reduced by a half (L2p/2) and only one capacitor is used for the

analysis. Consequently, the proposed transformer feedback single-to-differential dual-
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band load can be converted into a single-ended dual-band load and analyzed similarly to
that presented in Fig. 4.2(b).
The load impedance Z. of the single-ended transformer feedback dual-band load

in Fig. 5.1(b) seen at node X can be obtained as

Ny (s)

D (s)

_ S°[(Ly+ Le)M "+ Ly Lg]Cy +5(Ly + Ly) (5.1)
s*I(L + L)M '+ LL]C,C, +

s?[(Ly + L3)Cy + (L, + M")C,]+1

Z (s)=

where, M'=k./(L,p/2)L,s . The feedback notch impedance Zn seen at node Y can be

written as

Zy(s) Z—EN 23
N
s*[(L + L)M '+ L L3)C,C, + (5.2)
_ LS I(L + )Gy + (L + M)Cp] +1

s3(Ly + L3)C,C, +C,

From (5.1), the stopband and passband frequencies of the proposed transformer

feedback single-to-differential dual-band load can be written as

1
a)S’ZL = m (53)

and
Wp12z7, =
2
LM Gy (LM G )G ML, (5.4)
2C,(M'+Lp)
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respectively, where Lp=LilLs/(L1+L3). It is apparent from (5.3) and (5.4) that the
proposed single-to-differential transformer feedback dual-band load in Fig. 5.1(a) can
provide more flexibility in controlling the effective Q-factor of the stopband notch
inductor (M” + Lp).

The operating principles of the proposed single-to-differential transformer
feedback dual-band load can be explained by referring to Fig. 5.1 and the feedback tri-
band and dual-band loads presented in Ch. 1l [23] and Ch. IV, respectively. In Fig. 5.1,
at node X, most of the stopband signal at the frequency of wsz_ given in (5.3) flows into
the dual-band load and then feed-forwards to node Y due to a low impedance load at Y.
On the other hand, the two passband signals experience a high impedance load at node
X, so they travel through the inverting amplifier together with a small amount of the
residual stopband signal reflected from the dual-band load. When the feedforwarded and
the inverted stopband signals, after amplified by the gain of —A, have identical amplitude
with 180° out-of-phase at node Y, they are cancelled out and an infinite notch occurs
theoretically.

At node Y, since the numerator Ny of the notch impedance Zn in (5.2) is equal to
the denominator Dp in (5.1), the two zeros in (5.2) are exactly placed at the same
location of the two poles in (5.1). Therefore, the passband signals see the low impedance
Z through the transformer notch of the feedback path. This creates a dual-band notch
filter at the passband frequencies at node Y and provides a negative feedback loop for the
passband signals. Since the negative feedback passband signals and the cancellation of

the feedforwarded and inverted stopband signals occur at the same time independently,
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the proposed single-to-differential transformer feedback dual-band load can create a
clear concurrent dual-band response with high stopband rejection performance.
Moreover, by varying the bias levels of the single-to-differential inverting amplifier, the
proposed dual-band load provides an ability to control the stopband rejection

performance as will be seen in Section 5.3.

5.3 Design of Concurrent Dual-band Single-to-Differential LNA
Figure 5.2 shows the schematic of the 22/36GHz concurrent dual-band single-to-

differential LNA designed using the TowerJazz’s 0.18-um BiCMOS process [24]. The
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Fig. 5.2 Schematic of the concurrent dual-band single-input to differential-output LNA
employing the transformer feedback dual-band load.
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TABLES.1
COMPONENT VALUES OF CONCURRENT DUAL-BAND SINGLE-TO-DIFFERENTIAL LNA

Component Value Component Value
Lt 250 pH Cwm1 1.58 pF
Lz 170 pH Cwme 86.2 fF

Lz, Lms” 290 pH Cwiz, Cma” 260.6 fF

L 50 pH o 43.7 fF

Lop 150 pH Cas 4.94 pF

o Las 146 pH Cop, Cor’ 577.2 fF

Ls 100 pH Ce1 9.87 pF

La, Ly’ 200 pH Cs24, Ca2’ 4.94 pF

Le1 33.5 pH Chs 1.41 pF

Le 30 pH Cas 10.97 pF

Rut, Rut’ 21.7 Ohm Ces,s, Cas’ 6.04 pF
Re123, Re2’ 2 kOhm Cs7/ Ces 35.4/51.8 pF

transformer feedback dual-band load shown in Fig. 5.1(a) is placed between the first-
stage load (node X) and the differential output node (Y-Y") of the single-to-differential
inverting amplifier. The concurrent dual-band single-to-differential LNA receives two
independent single-ended input signals in two separate passbands around 22 and 36
GHz, amplifies, and converts them into differential-output signals simultaneously, while
attenuating undesired signals around 29 GHz. The values of the passive components
used in the LNA are summarized in Table 5.1. All the inductors and interconnection
lines are thoroughly modeled and extracted by using the HyperLynx 3D EM simulator
(IE3D) [17].

The first stage of the concurrent dual-band single-to-differential LNA is designed

using a cascode topology (Q1-2) to achieve both high gain and reverse isolation. A large
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capacitor (Cos) is connected in series with the secondary winding inductor (Lzs) of the
transformer to prevent the dc current from flowing to the ground through Ls. The
second stage is based on a differential amplifier (Q4-7) with a tail current source (Q3),
and it acts as the inverting amplifier with a gain of —2A as shown in Fig. 5.1(a). All
transistors (Q1-7) have an identical size with a one-finger emitter having 0.13-pum width
and 10.16-um length, and two-finger base and collector. It should be noted that, for
simplicity, the inverting amplifiers of the equivalent circuits as shown in Fig. 5.1 are
based on an ideal amplifier model including the inter-stage matching inductor (Lm2) and
capacitor (Cm2). In practice, the inter-stage matching components as well as the non-
ideal common ground condition at the differential amplifier’s input affect the dual-band
response and need to be taken in to account in the design process.

A wideband matching [18] is used for the input network to cover the entire dual
passbands. This wideband matching circuit uses less number of inductors and
interconnection lines as compared to conventional multiband matching circuits, hence
resulting in smaller size and routing metal resistances leading to potentially lower NF. In
addition, in order to achieve good input and output matching as well as stability over the
desired passbands, the second-stage load resistor (Rrt, RL1") and the emitter degeneration
inductors (Le1, Le2) are used.

Fig. 5.3 shows a photograph of the developed concurrent dual-band single-to-
differential LNA, which shows various inductors and interconnection lines implemented
using spiral structures, microstrip line, coplanar waveguide (CPW), and grounded

coplanar waveguide (GCPW). Especially, the inter-stage matching inductor Lm2 is
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Transformer Feedb'ack
Single-to-Differential
Dual-band Load

(@)

(b)

Fig. 5.3 (a) Microphotograph of the fabricated concurrent dual-band single-to-
differential LNA and (b) Close-up microphotograph around the transformer feedback
single-to-differential dual-band load shown in (a).

realized using the GCPW line, which utilizes the small isolated ground area, enclosed by
the transformer feedback path between X and Y=Y, as one of the CPW’s ground lines,

facilitating the connection of the isolated ground patch to the large main ground plane as
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Fig. 5.4 Transformer 3D EM simulation results for self-inductances (Lp, Ls), Q-factor
(Qp and Qs for the respective primary and secondary inductors), and mutual coupling
coefficient (K).

shown in Fig. 5.3, thereby effectively creating a better ground. The L-shape transformer
Lt shown in Fig. 5.3(b) is designed using the stacked top-most metals Ms and Ms. The
designed transformer exhibits the self-inductances of 150/146 pH, Q-factors of 13.1/15.3
for the primary/secondary inductors, respectively, and magnetic coupling coefficient K
of 0.43 at 30 GHz as shown in Fig. 5.4. Since the parasitic capacitance at the first-stage’s
output node X causes more detrimental effect on the LNA gain degradation than that at
the second-stage’s node Y, the top metal Ms is used for the secondary inductor (S1-S2)
to reduce the parasitic capacitance at node X, while the metal Ms is used for the primary
inductor (P1-P2) connected to node Y-Y" as seen in Fig. 3. Extensive EM simulations
for the components in the feedback dual-band loop were performed — from individual
inductors to the whole feedback dual-band load structure including the load inductors (L,

Ls), the feedback transformer (Lt), and the inter-stage matching inductor (Lmz2).
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Fig. 5.5 Single-ended power gain (S21, Ss1) simulation results of the concurrent dual-
band single-to-differential LNA with and without transformer feedback.

The advantage of proposed feedback dual-band load toward high stopband
rejection performance has been verified as shown in Fig. 5. With the similar method
presented in the developed tri-band LNA [23], the single-to-differential LNA with the
transformer feedback dual-band load can be modified to two single-to-differential
LNA:s:

1) a wideband (or single-band) single-to-differential LNA by disconnecting the node N—
N” from the node Y-Y~
2) a dual-band single-to-differential LNA with the modified transformer-based dual-
band load without feedback loop by rerouting the node N-N" to the AC ground after
detaching it from the node Y-Y".

As seen in Fig. 5.5, the dual-band single-to-differential LNA without feedback

only exhibits the worst-case SRR of 5 dB. On the other hand, the dual-band single-to-
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Fig. 5.6 Single-ended power gain (S21, Ss1) simulation results of the concurrent dual-

band single-to-differential LNA for different Vgez from 0.87 V to 1 V with a 0.01-V
step.

differential LNA with the proposed feedback dual-and load significantly improves the
stopband rejection performance with the SRR of higher than 30 dB. The substantial
improvement of stopband rejection performance by the designed dual-band single-to-
differential LNA validates the effectiveness and unique operation characteristics of the
proposed transformer feedback dual-band load. It is observed that the feedback loop can
widen the overall bandwidth by reducing the passband gains, and the stopband notch
frequency is shifted down due to the loading effect from the second-stage node Y-Y".
The differential pair transistors (Qa-s) including the tail current source transistor
(Q3) of the LNA’s second-stage in Fig. 5.2 act as the inverting amplifier of the
transformer feedback dual-band load shown in Fig. 5.1(a). Thus, by controlling the bias
voltage Vg3 of the inverting amplifier, the designed concurrent dual-band single-to-

differential LNA can provide fine tuning ability for both the passband gains and SRR at
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the same time as shown in Fig. 5.6. As Vg3 is increased from 0.87 V to 1 V with 0.01-V
step, higher passband gains and stopband rejection can be obtained. It is also observed
that the passband signals experience no detrimental effect from the stopband signal
cancellation as the gain increases along with increasing Ves. The deeper notches in the
stopband occur when the inverted stopband signal by the second-stage’s inverting
amplifier and the feedforwarded stopband signal through the notch filter are close to the
180° out-of-phase at node Y-Y".

When Vg3 lower than 0. 95 V is applied, the peak gains at high-passband are
higher than those at low-passband. However, once Vg3 is increased more than 0.95 V,
the peak gains at low-passband become larger than those at high-passband and the SRR
is further enhanced. It is found that the peak gains at both low/high-passbands are
identical as 20.4 dB with Vg3 of 0.95 V, resulting in a total current of 18 mA at the tail
current source Qs. At this equilibrium bias condition, the designed concurrent dual-band
single-to-differential LNA achieves the simulated SRR of 28.5 dB with the stopband
notch response of —8.1 dB. This bias tuning technique is useful for finding the optimum
bias point of the LNA to achieve not only low gain imbalance between the passbands,
but also high SRR at the stopband, by compensating for possible changes of the Q-factor
of the feedback dual-band load due to unavoidable design variations originating from
process, voltage, and temperature changes. Therefore, the designed concurrent dual-band
single-to-differential LNA can provide great flexibility for obtaining both optimum gain

balance and SRR performances.
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5.4 Experimental and Simulated Results

The concurrent dual-band single-to-differential LNA shown in Fig. 5.3 was
fabricated with 0.18-pum BiCMOS process having fr/fmax of 240/280 GHz [24] and has a
core area of 1.02 mm x 0.68 mm. The LNA was measured on-wafer. The first-stage bias
voltage (V1) was fixed at 0.9 V, which drew around 9.5 mA, and the second-stage bias
(Ve3) was tuned to achieve minimum gain imbalance between the passbands (around 22
and 36 GHz) and maximum SRR at the same time.

Figure 5.7 shows the simulated and measured single-to- differential power gains

of the LNA. The LNA achieves identical peak gains of 19.2 dB in each passband with

W
o

-
(=

S
)

A

£

L

1
N
o

- - =Simulated S21ps
—o=Measured S21 ps
——Measured S21,cs

A
o o
Common-mode Gain (S21,cs) (dB)

L 1 1 1 1 1 _6
5 10 15 20 25 30 35 40 45 50 55 60
Frequency (GHz)

Differential-mode Gain (S21,ps) (dB)

Fig. 5.7 Measured and simulated single-input to differential-output power gains (Sz1,ds)
and measured single-input to common-mode gain (Sz1cs).
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Fig. 5.8 Measured and simulated results for single-input to single-output: single-ended
(S21, S31) power gain (a) and phase (b), differential gain imbalance (c), and differential
phase imbalance (d).

the second-stage’s bias current of 20 mA and shows a measured stopband notch response
of —17.9 dB. The LNA hence achieves a SRR of 37.1 dB for the single-to-differential
mode operation. It exhibits measured 3-dB bandwidths of 7.5 GHz (17.5-25 GHz) and
12.6 GHz (33.2-45.8 GHz) for the low and high passbands, respectively. The lowest
measured single-input to common-mode gain (Szics) is —5.2/2.2 dB in the low/high

passbands, respectively. The applied bias condition results in well-balanced measured
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Fig. 5.9 Measured and simulated results comparison. (a) NF, (b) measured stability
factor, (c) input and output matching (S11, S22, and Ss3), (d) reverse isolation (Si2 and

S13).

single-to-differential passband gains and hence was also used for the single-ended mode

operation of the concurrent dual-band single-to-differential LNA.

Figures 5.8(a) and (b) show the simulated and measured single-ended mode

power gains and phases at the two output ports (S21, Sa1) of the concurrent dual-band

single-to- differential LNA, respectively, and Figs. 5.8(c) and (d) display the respective

differential gain and phase imbalances. The measured peak gains for S»1/Sz1 are

15.7/16.6 dB at 21.5 GHz and 15.7/16.7 dB at 36 GHz, respectively. The LNA shows
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0.9/1.0-dB differential gain imbalances in the low/high passbands, respectively. The
smallest measured differential phase imbalances of 0.5/10.4 degrees are observed in the
low/high passbands, respectively. Fig. 5.9(a) shows the simulated and measured noise
figures (NF21 and NFsz) of the LNA for the two signal paths (ports 1 to 2 and 1 to 3),

respectively. The best NFs of 4.3/4.0 dB and 4.3/4.2 dB are obtained in the low and high
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PERFORMANCE SUMMARY OF SINGLE-TO-DIFFERENTIAL BALUNS AND LNAS

TABLE 5.2

Gain NF1Input Pugs | InputIPs | oy, Phase
Reference | Technology Fr?giti'ezn)cy (at Sa1 / Sa1) (,’::E;l)/ (llgllj:;l)/ (”g:;l)/ Imbalance|lmbalance Iz;v\y\ehr (ﬁrnqu)
(dB) @8) | @em) | (@em) (dB) | (degree)
1 0.25-um SiGe 631/6.7 | 4.89/
(Single-Band) | BiCMOS | 29 |(single-ended)| 5.91 0 9 0.39 39 | 462 16
10.8/10.2
2 0.13-um (a7at | 432/ | _ B
(Single-Band) | CMOS 24| singleto- | 441 | 707 06 | 047 1 202 ) 082
Differential)
3 0.25-um 13.2
(single-Band) | Soec | 2t | (ifferential) | 42 | 7180 | 7 ! 20° | 396 | 033
4 0.13-m 15.0 _ -
(Single-Band) |  CMOS 2L | (Differential) | /2 l68 | 18 | 03 | 2641 02
5 0.13-m SiGe 14718 | _ ~ B
(Single-Band) | BicMOs | 284 |(single-ended) 12 10| 104 1 004
6 10.1/85
(Single.Band) [20MEMOS| 63 | Gt bl 86 - -7 17 6.8 19 | 0275
25"
a 12 . . 21 - 57
_21 . 0.18-um (Differential)
(Switchin - - 6.3 0.357
Dual-Banc?) cMos 157 22° 23 - 33 o
' (Differential) ' '
22° 45 15 4 -11 8
(Switching  |65-nm CMOS 1 25 | 108 | 029
Dual-Band) 8 18 4 - 5
15.7/16.6
(19.2 at 243/ | -149/
his Work 215 | Singleto- |*3/40] 234 | —141 | 09 | 05
(Co:lscur(;;nt 0.18-um SiGe Differential) 738 | 0.69
Dual-8and) | ZEMO> l?ig /216£7 258/ | -16.8/
2 al —29. —10.
36 | gingleto- |*37%2| 269 | 161 | 0 10.4
Differential)

20nly simulated performances are reported.
b\/oltage gain.
°Estimated value from the measurement result.

passbands, respectively. The simulated and measured input and output matching as well

as reverse isolation are shown in Figs. 5.9(b) and (c), respectively. Fig. 5.9(d) displays

the measured stability factors (Kr21 and Kga1) corresponding to the two output ports,

showing that the LNA is unconditionally stable over all frequencies. Fig. 5.10 shows the

measured linearity of the LNA. The input Pigg’s corresponding to S1/Sai are
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—24.3/-23.4 and —25.8/-26.9 dBm in the low and high passbands, respectively. The
input IP3 points of —14.9/~14.1 and —16.8/~16.1 dBm were measured in the low and
high passbands for the two signal paths, respectively.

Table 5.2 summarizes the measured results of the developed concurrent dual-
band single-to-differential LNA and compares the performances of reported single-band
single-to-differential active baluns and LNAs operating above 20 GHz as well as
switching dual-band single-to-differential LNAs. It should be noted again that there have
been no concurrent dual-band single-to-differential LNAs reported to date. The reported
dual-band single-to-differential LNAs [41], [42] are based on “switching” and hence are
not concurrent. Moreover, they operate below 10 GHz and their performances are based
only on the simulated results. The developed concurrent dual-band single-to-differential
LNA exhibits excellent gain, gain/phase balances, and NF performances as well as a
great stopband rejection, validating the unique advantages of the proposed concurrent

dual-band transformer feedback single-to- differential LNA.

5.5 Summary and Conclusion

The concurrent dual-band transformer feedback single-to-differential LNA
employing a unique transformer feedback single-to-differential dual-band load has been
proposed. The concurrent dual-band single-to-differential LNA was successfully
developed for two different bands around 22 and 36 GHz using a 0.18-um BiCMOS
technology. The developed concurrent dual-band single-to-differential LNA achieves

excellent gain balance and stopband rejection performances. The proposed transformer
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feedback single-to-differential dual-band load and concurrent dual-band transformer
feedback single-to-differential LNA architecture could be extended for single-to-
differential designs involving more than two bands not only for amplifiers but also for
other components. The developed LNA is the first true concurrent dual-band single-to-
differential amplifier operating up to millimeter-wave frequencies and without using

switching mechanism.
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CHAPTER VI

CONCURRENT DUAL-BAND MERGED LOW-NOISE AMPLIFIER AND MIXER

In this chapter, a new concurrent dual-band merged single-to-differential LNA
and RF-to-IF down-conversion mixer implementing the proposed single-to-differential
transformer feedback dual-band load (described in Ch. V) is presented. The single-to-
differential transformer feedback dual-band load is used as a concurrent dual-band
single-to-differential transconductance (gm) amplifier, which simultaneously converts
two independent single-ended RF voltage signals at around 24.5 and 36.5 GHz into the
180° out-of-phase differential current signals. Moreover, the concurrent dual-band
single-to-differential transformer feedback dual-band load also lowers the conversion NF
by providing some amount of gain at the first-stage amplifier.

The two cascode transistors at the second-stage of the single-to-differential LNA
(shown in Fig. 5.2) are replaced with the four switching transistors at the proposed dual-
band mixer core, which place on top of the concurrent dual-band transconductance
amplifier. With a 21-GHz single-ended LO signal, the down-converted dual IF bands are
located at 3.5/15.5 GHz for two passband signals at 24.5/36.5 GHz, respectively.

The developed merged LNA and mixer is the first fully integrated concurrent
dual-band mixer operating up to millimeter-wave frequencies without using any

switching mechanism.
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6.1 Design of Concurrent Dual-band Merged LNA and Mixer

The developed single-to-differential transformer feedback concurrent dual-band
load shown in Fig. 5.1 can also be used in the mixer design. Fig. 6.1 shows the proposed
concurrent dual-band merged LNA and (RF-to-IF) down-conversion mixer. The first-
stage amplifier (Q1-2) and the second-stage differential pair (Qs-5) are designed based on
the concurrent dual-band single-to-differential LNA shown in Fig. 5.2. The transistors
(Qe-9) form a switching core of the double-balanced Gilbert-cell mixer [19].

The operation principle of the proposed concurrent dual-band merged LNA and
mixer is similar to that of the concurrent dual-band single-to-differential LNA with the

signal conversion executed by the Gilbert mixer. The single-to-differential transformer

Single-to-Differential Dual-band Load

with Transformer Feedback Notch
L e N N S
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Fig. 6.1 Schematic of the concurrent dual-band merged LNA and mixer employing the
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feedback dual-band load seen in Fig. 5.1 is used as a concurrent dual-band single-to-
differential transconductance (gm) amplifier, which simultaneously converts two
independent single-ended RF voltage signals at around 24.5 and 36.5 GHz (received
from Port 1) into the 180° out-of-phase differential current signals flowing into the mixer
switching core. A 21-GHz single-ended LO signal is applied to Port 4 and converted into
the differential LO signals via the transformer Ly, and the differential LO signals are
delivered to the gate of the switching transistors.

The amplified dual-band RF current signals flowing into the source of the four
switching transistors will be down-converted to the IF domain (at 3.5 and 15.5 GHz) by
the switching activity of the differential LO signals (fir = fre — fLo). At the double-
balanced Gilbert-cell mixer switching core, only two switching transistors (Qs, Qo) are
turned on while the others (Q7, Qs) remain off and vice versa. The proposed concurrent
dual-band merged LNA and mixer integrates the first-stage amplifier as a single-to-
differential feedback dual-band load and hence it provides more gain by the integrated
first-stage amplifier as compared to the conventional merged LNA and mixer which
does not have the first-stage amplifier. The added gain by the first-stage amplification of
the proposed merged LNA and mixer reduces the overall conversion NF of the mixer.

While the single-to-differential LNA in Fig. 5.2 uses a wideband matching at its
output, the proposed concurrent dual-band merged LNA and mixer matches its output to
two down-converted IF bands at 3.5/15.5 GHz (Ports 2 and 3), respectively. The

differential inductor (L4), two capacitors (Cr1, Cr1") and two de-Q resistors (Rr1, Ri1")
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are used as the mixer output load together with the matching inductors (Lms, Lm3") and
capacitors (Cwma-4, Cms4).

The differential pair transistors (Qa-s) including the tail current source transistor
(Q3) of the second-stage transconductance amplifier in Fig. 6.1 act as the inverting
amplifier of the transformer feedback dual-band load as seen in Fig. 5.1. Thus, by
controlling the bias voltage Vg3 of the inverting amplifier, the designed concurrent dual-
band merged LNA and mixer can also control both the passband gains and SRR at the
same time. The designed merged LNA and mixer shows a substantial improvement of
stopband rejection performance and validates the effectiveness and unique operation
characteristics of the proposed transformer feedback dual-band load and its use in the

down-conversion mixer.

6.2 Experimental and Simulated Results

The concurrent dual-band merged LNA and mixer was fabricated with 0.18-um
BiCMOS process having fr/fmax 0f 240/280 GHz [24] as shown in Fig. 6.2. It has a core
area of 1.2 mm x 0.8 mm and was measured on-wafer. The merged LNA and mixer
layout is based on the same platform of the single-to-differential LNA shown in Fig. 5.3.
Thus, the same single-to-differential transformer feedback dual-band load seen in Fig.
5.3(b) was used in the merged LNA and mixer as shown in Fig. 6.2(b), but the mixer
switching core transistors as well as the matching components at both the LO input and

IF output were redesigned.
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Fig. 6.2 (a) Microphotograph of the fabricated concurrent dual-band single-to-
differential merged LNA and mixer and (b) Close-up microphotograph around the
transformer feedback single-to-differential dual-band load shown in (a).

With a 2.5-V supply voltage, the merged LNA and mixer consumes the

62.5/92.5-mW power at high gain balance (GB)/high stopband rejection ratio (SRR)
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Fig. 6.3 Measured and simulated single-ended conversion gain for Ports 1 to 2 and 1 to
3 (S21, Sa1): (@) GB mode, (b) SRR mode, and (c) combined conversion gain graphs of
GB and SRR modes for comparison. (d) Measured differential gain imbalance between
two signal paths (|S21,d8| — |S31,48]).

modes, respectively. The first-stage bias voltage (Ve1) was fixed at 0.98 V, which drew
around 12 mA, and the second-stage bias (Vg3) was tuned to control the passband gain
and the SRR at the same time. Fig. 6.3 shows the measured conversion gain and
differential gain imbalance responses of the concurrent dual-band merged LNA and

mixer at the two output ports (S21, Sz1) for two representative operating conditions: 1)
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high gain-balance (GB) mode between two passbands (around 24.5 and 36.5 GHz) and
2) high stopband rejection ratio (SRR) mode. At the high GB mode, the gain differences
between two passbands are minimized with lower stopband notch attenuation. On the
other hand, at the high SRR mode, the stopband notch attenuation is maximized with a
larger passband gain differences.

At high GB mode, the measured conversion gains for Sz1/S31 paths are 8.1/8.3 dB
at 24.5 GHz and 6.9/6.7 dB at 36.5 GHz, respectively, as shown in Fig. 6.3(a). The
conversion gain differences between low- and high-passbands are 1.2/1.6 dB at
respective S;1/Sz1 paths. The SRRs of 20.5/20.7 dB at low-band and 19.5/19.3 dB at
high-band are obtained for respective S21/Sz1 paths from the measured conversion gains
at each passband. At high SRR mode, the measured conversion gains of 12.9/13.1 dB at

24.5 GHz and 8.0/7.8 dB at 36.5 GHz are obtained for S;1/S31 paths, respectively, as

ryi
rr

w
(3]

—&— Measured NF21 at SRR Mode
—&— Measured NF31 at SRR Mode
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Fig. 6.4 Measured single-ended NF for Ports 1 to 2 and 1 to 3 (NF21, NF31).
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shown in Fig. 6.3(b). The conversion gain differences between low- and high-passbands
are 4.9/5.3 dB at respective S»1/Ss1 paths. The SRRs of 57.7/57.9 dB at low-band and
52.5/52.3 dB at high-band are obtained for respective S»1/S31 paths. Fig. 6.3(c) compares
the conversion gain responses of both GB and SRR modes. The differential gain
imbalances remain lower than 0.3/0.4 dB at low/high-passbands, respectively, as shown
in Fig. 6.3(d).

Figure 6.4 shows the measured noise figures (NF21 and NF31) of the merged LNA
and mixer for the two signal paths (Ports 1 to 2 and 1 to 3), respectively. At high GB
mode, the best NFs of 16.9/16.4 dB and 16.5/17.3 dB are obtained in the low- and high-
passbands, respectively. At high SRR mode, the best NFs of 12.7/11.8 dB and 14.9/15.3
dB are obtained in the low-and high-passbands, respectively. The measured and

simulated matching characteristics at RF, IF, and LO ports are shown in Fig. 6.5.
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Fig. 6.5 Measured and simulated matching responses at: (a) RF input (Portl), (b) IF
output (Ports 2 and 3), and (c) LO input (Port 4).
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Figure 6.6 shows the measured conversion gain responses as a function of LO

power level. Since the peak conversion gains occurs when the LO power of around —2

dBm is applied for all gain modes, this power level is chosen for a reference LO input

power to measure the performance of merged LNA and mixer for the small signal

performances described before as well as the two-tone inter-modulation measurement.

Conversion Gain at GB Mode

~10 ——
m
E 8t rpme— -
£ 6} ;/:\“
g 2t / — = Measured Sz1 at LB
E ot —'=Measured S31 at LB
Cl>J 2l == Measured S31 at HB
c g == Measured S31 at HB
o -4
O L L L 1 L
-20 =15 =10 -5 0 5 10
LO Power (dBm)
(@)
— 15 Conversion Gain at SRR Mode
m A
c 10} \\
N / " e
g 0 / ——Measured Sz4 at LB
E [ g ——Measured S31 at LB
Q 5 / —=Measured S21 at HB
E == Measured S31 at HB
O
0 _1 D A 1 1 1 1
-20 -15 -10 -5 0 5 10

LO Power (dBm)

(b)

Fig. 6.6 Measured single-ended conversion gain for Ports 1 to 2 and 1 to 3 (S21, S31) as a
function of LO power at: (a) high GB mode and (b) high SRR mode.
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The measured conversion gains responses obtained by varying the RF input power
are shown in Fig. 6.7. At high GB mode, the measured input Pigg (IP1dB.21/I1P1d31) for
the two signal paths (Ports 1 to 2 and 1 to 3) are —24.7/-24.6 dB at 24.5 GHz and -27.4/-
27.4 dB at 36.5 GHz, respectively. At high SRR mode, the measured IP1gg21/IP1dB,31 are

—23.8/-23.7 dB at 24.5 GHz and —28.4/-28.4 dB at 36.5 GHz, respectively.
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Fig. 6.7 Measured single-ended conversion gain for Ports 1 to 2 and 1 to 3 (S21, Sa1) as a
function of RF power at: (a) high GB mode and (b) high SRR mode.
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Figure 6.8 shows the measured input IP3 (11P321/11P331) for the two signal paths.
The two-tone signals with 1-MHz spacing are applied for each passband located at
24.5/36.5 GHz. At high GB mode, the measured 11P321/11P3 31 are —14.4/-14.3 dB at 24.5
GHz and -18.6/-18.4 dB at 36.5 GHz, respectively. At high SRR mode, the measured
[1P321/11P331 are —13.0/-12.9 dB at 245 GHz and -16.1/-15.9 dB at 36.5 GHz,
respectively. The measured results of the developed merged LNA and mixer are

summarized in Table 6.1.
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Fig. 6.8 Measured single-ended input IP3: IP321 (a) and IP331 (b) at high GB mode.
IP3.21 (c) and IP3.31 (d) at hiah SRR mode.
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TABLE6.1
MEASURED PERFORMANCE OF THE CONCURRENT DUAL-BAND MERGED LNA AND MIXER

Mixer Conversion NE Input Pygg | Input IP; |Differential| Stopband Isolation (dB)
. |Frequency| Gain (IP1ag 21/ | (P31 / Gain Rejection
Operation (NF21 / NFs) ; RF-to-IF | LO-to-IF | LO-to-RF
Mode (GHz) | (Sa1/Sa) (dB) IPigg) | 1lPs3;) |Imbalance | Ratio
(dB) (dBm) (dBm) (dB) (dB) (S12/ S13) |(S24/ Saa) (S14)
2471 | -14.4/
High Gain 245 8.1/83 |16.9/16.4 246 2143 <0.3 |[205/20.7(26.7/315
Balance 32.8/315 46.1
(GB) 274/ | -18.6/
36.5 6.9/6.7 |16.5/17.3 274 184 <04 |195/19.3(33.3/34.1
High | 245 |120/131|127/118| 50! | 23071 <03 |s77/570|155/182
;to_pba}nd 32.5/28.2] 44.0
ejection 284/ | -16.1/
(SRR) 36.5 80/7.8 |149/153 . . <04 |525/52.3(245/265
-28.4 -15.9
TABLE 6.2
PERFORMANCE SUMMARY AND COMPARISON OF DUAL-BAND MIXERS
Gain NF Input P1gg Input 1P5
Reference | Technology Fr(egL;'ESCy (at Sz1/ Sa1) |(NFa1/ NFay) | (IP1ag 21 / IP1aga1) | (1HP321 / 11P31) IE‘#]V\)/\%’ (':\1?162‘)
(dB) (dB) (dBm) (dBm)
[43]? 0.8-um 0.9 10.5 12.6 - 2.6
(Concurrent SiGe 222 | 1.79
Dual-Band) | BiCMOS 1.8 10.1 13 — 0.8
b 2.4 5 10 -14 -3.5
[44] 0.18-um
(Concurrent CMOS 6.7 -
Dual-Band) 5.5 5.8 10 -15 -45
[45] ] 5 10 8.7 -5 1°
(switching | QT 68 | 0525
Dual-Band) 9.8 12 10.9 -5 1¢
[46]° 0.18-um 35 6.7 17.1 - 7 14.4
(Switching SiGe -
Dual-Band) | BIiCMOS 10.5 5.2 18 — -1 12.6
245 8.1/8.3 16.9/16.4 —24.7/-24.6 -14.4/-14.3
cB 62.5
This Work | 0.18-um Mode 36.5 6.9/6.7 16.5/17.3 —2741-274 -18.6/-184
(Concurrent SiGe 0.96
Dual-Band) | BICMOS 24.5 129/13.1 12.7/11.8 -23.8/-23.7 -13.0/-12.9
SRR 25
Model 365 | 80/7.8 | 149/153 | -284/-284 | -16.1/-159

20ff-chip matching components were used.
®Only simulated performances have been reported.
°Estimated value from the measurement result.
dPerformance based on IF mixer.
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Table 6.2 compares the performances of existing dual-band mixers. Even though
the concurrent dual-band mixers were reported in [43] and [44], they operate at low RF
and microwave frequencies below 6 GHz. Moreover, the dual-band mixer in [43] was
not fully integrated since it used off-chip high-Q matching components. The dual-band
mixer in [44] was not fabricated and it presented only simulated performances. The
concurrent dual-band mixer in [43] uses off-chip components, i.e. high-Q inductors, for
input and output matching as well as for emitter degeneration. The concurrent dual-band
mixer in [44] reports only simulation performances. The mixers in [45] and [46] operate
based on switching mechanism, so they cannot receive and process two passbands
simultaneously. The proposed dual-band merged LNA and mixer is the first fully
integrated concurrent dual-band merged LNA and mixer operating up to millimeter-
wave region, and it achieves the highest conversion gain with good gain balance and NF

performances while operating at highest frequency region.

6.3 Summary and Conclusion

The fully integrated concurrent dual-band merged LNA and mixer employing a
unique single-to-differential transformer feedback dual-band load has been successfully
developed for two different bands around 24.5 and 36.5 GHz using a 0.18-um BiCMOS
technology. The developed concurrent dual-band merged LNA and mixer achieves
excellent conversion gain and stopband rejection performances. The proposed single-to-
differential transformer feedback dual-band load and concurrent dual-band merged LNA

and mixer architecture could be extended for single-to-differential designs involving
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more than two bands not only for amplifiers but also for other components. In addition,
the proposed concurrent dual-band single-to-differential transconductance amplifier
stage could be an essential component to develop a true concurrent dual-band receiver
system. The developed merged LNA and mixer is the first fully integrated concurrent
dual-band mixer operating up to millimeter-wave frequencies and without using

switching mechanism.
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CHAPTER VII

CONCURRENT DUAL-BAND RECEIVER FRONT-END

In this chapter, a new concurrent dual-band receiver front-end is proposed. It
consists of the concurrent dual-band LNA using the single-to-single transformer
feedback dual-band load presented in Ch. IV and the concurrent dual-band merged LNA
and mixer employing the single-to-differential transformer feedback dual-band load
presented in Ch. VI. The receiver front-end operates with RF passband frequencies at
around 24.5/36.5 GHz, LO frequency at 21 GHz, and accordingly IF frequencies at
3.5/15.5 GHz (fir = frr — fL0). Since both of the dual-band LNA and the dual-band
merged LNA and mixer have the functionality of controlling the stopband rejection and
the passband gain balance by adjusting the bias level of second-stage inverting amplifier,
the proposed receiver front-end has versatile operation modes by combining each
operation mode of the dual-band LNA and the merged LNA and mixer. The developed
concurrent dual-band receiver front-end achieves the highest gain and the best NF
performances as well as the largest SRRs, while operating at highest frequencies up to

millimeter-wave region, among the concurrent dual-band receivers reported to date.

7.1 Design of Concurrent Dual-band Receiver Front-end
The concurrent dual-band receiver architecture mentioned in Ch. I is shown again
in Fig. 7.1. The designed receiver front-end (enclosed by the dashed line) consists of the

concurrent dual-band LNA implementing the single-to-single transformer feedback dual-
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Fig. 7.1 Developed receiver front-end as part of a concurrent dual-band double-
conversion receiver.

band load (Fig. 4.4) and the concurrent dual-band merged LNA and mixer employing the
single-to-differential transformer feedback dual-band load (Fig. 6.1). Since the
developed dual-band LNA exhibits the high gain of 21.8 dB at both passbands as well as
the low NF of 2.4/2.5 dB at low/high-passband, respectively, it is used as the first
building block of the proposed receiver front-end to increase overall receiver conversion
gain and hence to reduce the total receiver NF. Thereafter, the merged LNA and mixer
converts the single-ended dual passband input voltage signals into the differential current
signals and down-converts them to the IF signals, simultaneously.

The developed dual-band LNA exhibits the passband peak gains at 23/36 GHz
and the stopband notch at 30 GHz, while the developed dual-band merged LNA and
mixer achieves the passband peak conversion gains at 24.5/36.5 GHz and the stopband
notch at 30.6 GHz. Since both of the dual-band LNA and the dual-band merged LNA
and mixer have the functionality of controlling the stopband rejection and the passband

gain balance by adjusting the bias level of the second-stage inverting amplifier, the
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TABLE 7.1
OPERATION MODES SUMMARY OF THE PROPOSED CONCURRENT DUAL-BAND RECEIVER FRONT-END

Receiver Front-end Dual-band LNA Merged LNA and Mixer
Operation Modes Operation Modes Operation Modes

Rx Mode 1: Low Gain (LG) Mode A: LGSRR Mode C: LGGB

Rx Mode 2: Gain Balance (GB) Mode B: HGGB Mode C: LGGB

Rx Mode 3: High Gain (HG) Mode B: HGGB Mode D: HGSRR

Rx Mode 4: High SRR (SRR) Mode A: LGSRR Mode D: HGSRR

Rx Mode 5: Notch Balance (NB) Transition between Rx Mode 3 and Rx Mode 4

proposed receiver front-end has versatile operation modes by combining each operation
mode of the dual-band LNA and the merged LNA and mixer.

The developed dual-band LNA has two representative operation modes: 1) low-
gain and high SRR (Mode A: LGSRR) and 2) high-gain and gain balance (Mode B:
HGGB). While, the developed merged LNA and mixer has two important operation
modes with 1) low-gain and gain balance (Mode C: LGGB) and 2) high-gain and high
SRR (Mode D: HGSRR). By combining these operation modes, the proposed receiver
front-end exhibits four distinguishable operation mode and one unique transition mode
as summarized in Table 7.1.

At Rx mode 1, the dual-band receiver front-end exhibits the lowest gain
performance as well as the largest stopband notch at 30 GHz since the dual-band LNA is
optimized to achieve the highest SRR. At Rx mode 2, the dual-band receiver achieves
the best gain balance performance between each passbands with lower stopband
attenuation. The dual-band receiver front-end achieves the highest gain and the lowest

NF at Rx mode 3, and the 30.6-GHz stopband notch mainly occurs as the merged LNA
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and mixer is optimized to obtain high SRR. At Rx mode 4, the receiver front-end shows
the largest stopband rejection performance at both 30 and 30.6 GHz with well-balanced
gain and moderate NF performances. The dual-band receiver front-end also can be
optimized to achieve the same stopband attenuation level with balanced notches at both

30 and 30.6 GHz at Rx mode 5.

7.2 Experimental and Simulated Results

Fig. 7.2 shows the microphotograph of the fabricated concurrent dual-band
receiver front-end on a 0.18-pum BiCMOS process having fr/fmax of 240/280 GHz [24]. It
has a core area of 2.23 mm x 0.8 mm and was measured on-wafer. Since the dual-band
LNA and the merged LNA and mixer have the 50-Ohm input/output load impedances,
the GCPW line is used to connect between the output of dual-band LNA and the input of

merged LNA and mixer.

Dual-balrld LNA Dual-band Merged'
LNA and Mixer

Fig. 7.2 Microphotograph of the fabricated concurrent dual-band receiver front-end
consisting of the dual-band LNA shown in Fig. 4.4 followed by the dual-band merged

LNA and mixer shown in Fig. 6.1.
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Fig. 7.3 Measured single-ended conversion gains of the receiver front-end for Sy; and
Sa1 paths: (a) Rx mode 1 for low-gain, (b) Rx mode 2 for passbhand gain balance, (c) Rx
mode 3 for high-gain, (d) Rx mode 4 for high SRR, and (e) Rx mode 5 for stopband
notch balance.
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The dual-band LNA uses a 1.8-V supply voltage, while, the merged LNA and
mixer operates with a 2.5-V supply voltage. The developed concurrent dual-band
receiver front-end consumes the 112.5/123.4/153.7/137.5/139.3-mW power at Rx modes
1/2/3/4/5, respectively.

Figure 7.3 shows the measured conversion gain responses of the fabricated
concurrent dual-band receiver front-end at five different receiver operation modes
described in Table 7.1 and Fig. 7.4 shows the measured single-ended NF responses of
the receiver front-end for Rx modes 1 to 4. The measured and simulated matching
characteristics are also shown in Fig. 7.5. The measured results of conversion gain, NF,
SRR, and passband gain difference are summarized in Table 7.2 in detail. In this
dissertation, among the five representative operation modes, the measured results of two
operation modes for Rx modes 3 and 4 are discussed as follows because they are related
to the most important characteristics of the proposed receiver front-end, such as gain, NF
and SRR.

At Rx mode 3 for high gain, the measured single-ended conversion gains of the
developed concurrent dual-band receiver front-end for S»1/S31 paths are 31.6/31.3 dB at
24 GHz and 27.0/26.7 dB at 36.5 GHz, respectively. From the measured stopband notch
of -14.2 dB at 30.6 GHz, the SRRs of 45.8/45.5 dB at low-band and 41.2/40.9 dB at
high-band for respective S»1/Ss1 paths are obtained. The best NFs of 3.3/2.9 dB and
2.6/3.0 dB are obtained in the low and high passbands, respectively at Rx mode 3. The
concurrent dual-band receiver front-end achieves the best gain and NF performances at

Rx mode 3.
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Fig. 7.4 Measured single-ended NFs at Port 2 and Port 3 (NF21, NFa31).

At Rx mode 4 for high SRR, the measured conversion gains at 24 GHz and 36.5
GHz are identical as 24.0/23.6 dB for S;1/Ss1 paths, respectively. The measured
maximum stopband notches of -38.2/-24.4 dB are obtained at 30/30.6 GHz,
respectively. The calculated SRRs of 62.2/61.8 dB at low-band and high-band for
respective S»1/Ss1 paths are exhibited. The best NFs of 5.1/4.7 dB and 4.1/4.5 dB are
obtained in the low and high passbands, respectively, at Rx mode 4. To the best of our
knowledge, the measured SRRs at Rx mode 4 of the developed concurrent dual-band
receiver front-end are the best stopband performance up to date.

The measured matching responses at Rx mode 3 are shown in Fig. 7.5, and it is
found that the matching frequencies were slightly shifted up at each port. It mainly
originates from the smaller capacitance values on the fabricated die as compared to the

capacitances used in the schematic design. For all Rx operation modes, it is shown that
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Fig. 7.5 Measured and simulated matching responses at: (a) RF input (Portl), (b) IF
output (Ports 2 and 3), and (c) LO input (Port 4).

the matching responses have very little variation, and they are similar to those shown in
Fig. 7.5. Even though, the matching frequencies were shifted up, it does not affect to the
operation of the receiver front-end. The receiver front-end was measured with RF
passband frequencies at 24.5/36.5 GHz, LO frequency at 21 GHz, and IF frequencies at

3.5/15.5 GHz (fir = frr — fLo), accordingly.
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TABLE 7.2
PERFORMANCE SUMMARY OF CONCURRENT DUAL-BAND RECEIVER FRONT-END

Conversion NE Stopband  [Passband Gain| Input Pygg Input 1P,
Receiver Front-end | Frequency Gain (NF1 / NFsy) Rejection Difference (IP1gg21 / (P32 /
Operation Mode (GHZ) (821 / 831) Z(ldB) 8 Ratio (821 / 831) IPldB,Sl) ||P3,31)
(dB) (dB) (dB) (dBm) (dBm)
24 19.6/19.3 6.7/6.3 57.7/574 -36.9/-36.9 | -279/-28.1
Rx Mode 1:
Low Gain (LG) 30 -38.1 - - 3.3/32 - -
36.5 2291225 45/4.9 61.0/60.6 -435/-43.4|-35.6/-36.1
24 2571254 421739 329/326 -42.7/-42.7|-335/-339
Rx Mode 2:
Gain Balance (GB) 302 12 - - <01/<01 - -
36.5 2571254 31/34 32.9/326 -46.7/-46.7 | -38.3/-39.5
24 31.6/31.3 33/29 4587455 -43.3/-43.3|-345/-33.1
Rx Mode 3:
High Gain (HG) 30.6 -14.2 - - 46/4.6 - -
36.5 27.0/26.7 26/3.0 41.2/40.9 -449/-44.9|-373/-355
24 24.0/23.6 51/4.7 62.2/61.8 -36.0/-36.0 | -26.1/-24.7
Rx Mode 4:
High SRR (SRR) 30/30.6 |-38.2/-244 - - <0.1/<0.1 - -
36.5 24.0/23.6 41/45 62.2/61.8 -42.3/-42.3|-31.3/-32.1
24 25.3/25.0 - 48.1/47.8 - -
Rx Mode 5:
Notch Balance (NB) 30/30.6 |-22.8/-22.8 - - 0.6/0.7 - -
36.5 2471243 - 475/47.1 - -

Figure 7.6 shows the measured single-ended conversion gain responses for

operation modes.
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S21/S31 paths by varying the LO power at Rx modes 1 to 4. It is found that the dual-band
receiver front-end exhibits the flat conversion gain responses over the LO power level
from around —5 to 5 dBm for all Rx modes. Therefore, the LO power of —2 dBm is used

as a reference condition to measure the receiver front-end performances for all Rx



Figure 7.7 shows the measured input P1gs responses of the receiver front-end for
Rx modes 1 to 4. At Rx mode 3, the measured input P1dg (IP1ds,21/IP1dB,31) for the two
signal paths (Ports 1 to 2 and 1 to 3) are identical as —43.3/-44.9 dB at 24.5/36.5 GHz,
respectively. At Rx mode 4, the measured IP14s for two signal paths are —36.0/-42.3 dB
at 24.5/36.5 GHz, respectively.

Figure 7.8 shows the measured input IP3 (11P321/11P331) for the two signal paths
for Rx modes 1 to 4. The two-tone signals with 1-MHz spacing are applied for each

passband located at 24.5/36.5 GHz. At Rx mode 3, the measured IIP321/11P33; are —
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34.5/-33.1 dB at 24.5 GHz and —-37.3/-35.5 dB at 36.5 GHz, respectively. At Rx mode 4,

the measured I1P321/11P3 31 are —26.1/-24.7 dB at 24.5 GHz and -31.3/-32.1 dB at 36.5

GHz, respectively. The detailed measured results of the fabricated concurrent dual-band

receiver front-end for all Rx modes are summarized in Table 7.2.
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TABLE 7.3
PORT-TO-PORT ISOLATION OF CONCURRENT DUAL-BAND RECEIVER FRONT-END

Receiver Front-end | Frequenc RPto-IF oy e
_ qauency | (p1-p2/P1-P3) | (P4-P2/P4-P3) (P4-P1)
Operation Mode (GHz) (dB) (dB) (dB)

_ 24 11.2/16.1
Rx Mode 1: 37.3/34.6 59.8
Low Gain (LG) 36.5 17.6/20.6

_ 24 5.8/10.2
Rx Mode 2: 38.0/345 59.5
Gain Balance (GB) 36.5 14.9/17.8

_ 24 -4.8/-1
Rx Mode 3: 35.0/31.7 59.5
High Gain (HG) 36.5 8.9/10.1

_ 24 2.3/6.2
Rx Mode 4: 34.7/31.9 59.7
High SRR (SRR) 36.5 11.4/12.8

The measured port-to-port isolation performances of the receiver front-end are
also summarized in Table 7.3. The receiver front-end obtains excellent isolation
performances larger than 31.7/59.5 dB for LO-to-1F/LO-to-RF ports, respectively. While,
the receiver front-end exhibits lower isolation performances for RF-to-1F ports due to the
fact that the developed receiver front-end does not include the IF filter (shown in Fig.
7.1) at its output.

Table 7.4 summarizes and compares the performances of both concurrent and
switching dual-band receivers. Even though the concurrent dual-band receiver in [47]
exhibits the maximum SRR of around 33 dB, it was only based on the simulation results
and has not been fabricated. The concurrent dual-band receiver in [8] used a dual-band

LNA followed by a wideband mixer, and it has the measured best SRR around 9.2 dB,
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TABLE7.4
PERFORMANCE COMPARISON OF DUAL-BAND RECEIVERS

. Stopband
Gain NF Input Pigg Input 1P; S
Reference | Technology Fr(eglij_'ezn)cy (S21/Sa1) | (NF21/NFa1) | (IP1dg 21/ IP1dg31) | (HP3.21/11P331) ReFJaZ(t:it:)on IE’;V\)I\eDr (ﬁ;r:;l)
(dB) (dB) (dBm) (dBm) (dB)
[471 ) 2.45 17.6 35 - - 33
(Concurrent| :8#m 843 |4.165
CMOS
Dual-Band) 5.25 11.8 6.3 - - 27
8] 018 3.96 232 5.2 -12.5 1 9.2
(Concurrent CMé)”Sn 18 | 17
Dual-Band) 7.128 22.8 5.3 -115 33 8.8
[12]° ) 8 10 8.2 -26 -17 -
(Concurrent Ocllagrsn 68 15.6
Dual-Band) 14 12 11.8 -17 -6 -
[46] 0.18-um 24 21 8 - -18 -
(Switching SiGe 60 0.7
Dual-Band) | BiCMOS 31 18 95 — 17 —
[48] _ 25 275 - -28 -16 -
(switching | 20 42 |03
Dual-Band) 5.8 265 - 271 -16.5 -
Rx |245(316/31.3| 3.3/29 | -43.3/-43.3 |-345/-33.1|45.8/455
Mode 153.7
ThisWork | 0.184xm | 3 [365|27.0/267| 2.6/3.0 | -44.9/-449 |-37.3/-355 |41.2/40.9
(Concurrent|  SiGe 1.784
Dual-Band)| BiCMOS | py (245|24.0/236| 51/47 | -36.0/-36.0 |-26.1/-24.7 | 62.2/61.8
Mode 1375
4 1365(240/236| 41/45 | -423/-42.3 |-31.3/-32.1|62.2/618

aFull receiver including LO circuits. Only simulated performances have been reported.
bFully integrated phased array receiver including LO and baseband circuits.

which is not sufficient in practical RF systems. The concurrent dual-band phased array
receiver shown in [12] used a tunable current dual-band amplifier with one wideband
input path and two separate output paths for low- and high-band. Since it has two
independent amplifiers in each signal path, it requires additional power and area
consumption. On the other hand, the dual-band receivers in [46] and [48] operate based

on switching mechanism, so they can receive and process only one passband at a time.
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The dual-band receiver in [46] actually used a wideband LNA and a wideband RF-to-IF
down-conversion mixer for the receiver front-end followed by a 3.5/10.5-GHz
switchable dual-band IF-to-BB down-conversion mixer. To the best of our knowledge,
the developed concurrent dual-band receiver front-end achieves the highest gain and the
best NF performances as well as the largest SRRs among the concurrent dual-band
receivers reported to date, while operating at highest frequencies up to millimeter-wave

region.

7.3 Summary and Conclusion

The 24.5/36.5-GHz concurrent dual-band receiver front-end composed of a
concurrent dual-band LNA and a concurrent dual-band merged single-to-differential
LNA and mixer has been developed successfully for various K-/Ka-band applications.
By controlling the bias levels of second stage amplifiers of both dual-band LNA and
merged LNA and mixer, the developed dual-band receiver front-end provide versatile
receiver operation modes with the combination of the passband gain balance
performances as well as the stopband rejection performances at two different notch
frequencies according to the different bias levels. Since each Rx operation mode exhibits
the unique passband conversion gain and stopband notch characteristics, the proposed
concurrent dual-band receiver front-end can be used as an adaptive receiver front-end
with great flexibility to overcome the various receiver path environment as well as the

process, voltage, and temperature variations in practical RF systems.
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CHAPTER VI

SUMMARY AND CONCLUSION

The fully integrated multiband radio frequency (RF) receiver front-end and its
building blocks for various Ku-/K-/Ka-band applications were successfully developed in
0.18-um SiGe BICMOS technologies. The developed receiver building blocks
implementing various new feedback multiband load architectures achieved the
unprecedented stopband rejection performances by overcoming the low quality (Q)
factor originated from the integrated passive inductors used in existing multiband LNAs
and receivers.

The 13.5/24/35-GHz concurrent tri-band LNA implementing a novel feedback
tri-band load composed of two feedback notch filters was firstly presented. Comparative
analysis and design principles of the conventional tri-band load and the proposed
modified and feedback tri-band loads, and their use in tri-band LNA design were
presented. The proposed feedback tri-band load overcomes the low Q-factor of
integrated inductors, and hence provides superior stopband rejection performance. The
developed 13.5/24/35-GHz concurrent tri-band LNA achieved stable and high SRRs of
more than 30 dB without additional area and power consumption.

Two K-/Ka-band concurrent dual-band LNAs employing two different types of
feedback dual-band loads were developed by significantly expanding the feedback notch
technique used in the concurrent tri-band LNA. The 21.5/36.5-GHz concurrent dual-

band LNA used an inductor feedback dual-band load and the 23/36-GHz concurrent
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dual-band LNA used a new transformer feedback dual-band load. The latter provides
more degrees of freedom for the creation of the stopband and passbands as compared to
the former. The dual-band LNAs have the unique characteristic to control the stopband
rejection ratio by adjusting the bias level of second-stage amplifier. Both the developed
concurrent dual-band LNAs achieved the best NF and gain-balance performances among
the concurrent multiband LNAs reported at high microwave and millimeter-wave
frequencies.

The new concurrent dual-band single-to-differential transformer feedback dual-
band load as well as its use in the concurrent dual-band single-to-differential LNA were
also presented. The designed concurrent dual-band single-to-differential LNA converts
two simultaneous independent single-ended input signals at around 22 and 36 GHz into
180° out-of-phase differential signals at its output without any switching activity by
employing the proposed single-to-differential transformer feedback dual-band load. The
developed concurrent dual-band single-to-differential LNA achieved excellent gain,
gain/phase balances, and NF performances as well as a great stopband rejection. The
developed LNA is the first true concurrent dual-band single-to-differential amplifier
operating up to millimeter-wave frequencies and without using switching mechanism.

The concurrent dual-band merged single-to-differential LNA and mixer
implementing the proposed single-to-differential transformer feedback dual-band load
was presented. The single-to-differential transformer feedback dual-band load was used
as a concurrent dual-band transconductance (gm) amplifier. With a 21-GHz single-ended

LO signal, the down-converted dual IF bands are located at 3.5/15.5 GHz for two
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passband signals at 24.5/36.5 GHz, respectively. The developed merged LNA and mixer
is the first fully integrated concurrent dual-band mixer operating up to millimeter-wave
frequencies without using any switching mechanism.

The 24.5/36.5-GHz concurrent dual-band receiver front-end was finally
presented. It consisted of the concurrent dual-band LNA using the single-to-single
transformer feedback dual-band load and the concurrent dual-band merged LNA and
mixer employing the single-to-differential transformer feedback dual-band load. The
receiver front-end operates with RF passband frequencies at 24.5/36.5 GHz, LO
frequency at 21 GHz, and IF frequencies at 3.5/15.5 GHz, accordingly. Since both of the
dual-band LNA and the dual-band merged LNA and mixer have the functionality of
controlling the stopband rejection and the passband gain balance by adjusting the bias
level of second-stage inverting amplifier, the developed receiver front-end has versatile
operation modes by combining each operation mode of the dual-band LNA and the
merged LNA and mixer. The developed concurrent dual-band receiver front-end
achieved the highest gain and the best NF performances as well as the largest SRRs,
while operating at highest frequencies up to millimeter-wave region, among the

concurrent dual-band receivers reported to date.
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