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BACKGROUND
[0002] In March 2009, the Federal Communications Commission (FCC) introduced
the Medical Device Radiocommunications Service (MedRadio) band in the range of 401-
10 406 MMz which is a wireless communication regulation dedicated for biomedical
telemetry. Formerly known as the 402-405 MHz Medical Implant Communication
Service (MICS) band allocated in 1999, MedRadio is the superset of MICS in which
additional adjacent bands at 401-402 MHz and 405-406 MHz are newly designated with
twenty 100 kHz bandwidth channels to provide a total of five megahertz of contiguous
15 spectrum and accommodate both implantable and wearable sensor devices for medical
use.
[0003}]  Due to the need for reliable, continuous, and cost-effective health monitoring
in hospitals and homes in recent years, both implantable and wearable sensors in Wireless
Body Area Networks (WBAN) must meet ultra-low-power consumption for prolonged
20  battery life. Since the wireless part of the sensor device usually consumes the most power,
it is important to reduce both the current and the supply voltage of the transceiver to

minimize the power consumption without compromising the performance.



20 battery life. Since the wireless part of the sensor device usually
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[0005] A low noise amplifier (LNA) usually dominates the total noise performance

and sensitivity of a receiver used in biomedical applications. However, conventional
10  LNAs typically have a limitation in perforrance improvement without increasing power,
complexity or area.
[0006] Figure 1a shows a conventional source degeneration cascode LNA
(SDCLNA) 102. The SDCLNA 102 has a simple topology and can achieve a good noise
performance with sufficient gain even at low bias current due to the passive amplification
15 from the input matching circuitry. However, in order to constrain the current
consumption of the SDCLNA 102 to less than 150 pA, the transistor My, is biased close
to threshold and its size is limited which leads to a small transconductance g, and a small
gate-to-source capacitance Cgs. A small g and C, will require large values of depletion
capacitance Cy, gate inductance L;, and source inductance L in order to match the
20  impedance to 50§ at 400 MHz. Thus, at a low frequency of operation (e.g. <1 GHz) and
low power (<~mW), large sizes of passive matching components (e.g. source inductor)
are required for 500 matching. A small g, also leads to a limitation in the gain and noise

performance. Thus, there is a limitation of performance improvement (noise and



consunption of the SDCLNA 102 to |l ess than 150 RA, the transistor My,
I's biased close to threshold and its size is limted which leads to a
smal | tranwoanduaetance gs" and a snall gate-to-source capat2lANR92
Cgs. A small gmand Cgs will require | arge values of depletion

capaci tance Cd, gate inductance Lg, and source inductance Ls in order
to match the 20 i npedance to 500 at 4 MHz. Thus, at a | ow frequency
of operation (e.g. <1 GHz) and | ow power (c-m\W, |arge sizes of

passi ve Mol PwiBIR YBRE Merk e O iSAMICR 16 RIMEL Bphova ife hHIIaEE akey

500 mat chi ng gra also leads to a limtation in the gain and

Pg;igvgﬁéﬁgr n0|SQN§EQ§“ﬂ%ﬁg%%T%%ﬂggggg%%ﬁgé§%¥%%888&ggrgarfﬁearity)
¢ . . - , iy . .
L oure. RaIBE TTEEERCIbeh Gl b UL L8 BB ol AL

Toa. The. cove il MhEEHAE gk BRJR, BaS KRN Np] BB hEMBal b

104. The nt-reuse carrent opol ogy a can

provi de. an,i nproved noi se per ce..h er, r = euse
PNA 104 e Saarrrbiaes st JBAiEurd R po il dtliyPu
passi ve conpone ts for Bgrfo ?anCS.iqBrovenent.

adainonal passive comnponents 1or periormance 1mprovement.

SUMMARY
[0008] According to one embodiment, an amplifier is provided. The amplifier
10 includes an input terminal; a first transistor of a first conductivity and a second transistor
of a second conductivity, each transistor comprising a source terminal, a gate terminal
and a drain terminal respectively, the source terminal of the first transistor being coupled
to the source terminal of the second transistor, and the gate terminal of the first transistor
and the gate terminal of the second transistor being coupled to the input terminal; and an
15  output terminal coupled to the drain terminal of the first transistor and the drain terminal
of the second transistor is provided.
[0009] In one embodiment, the amplifier may further include a first depletion
capacitor coupled between the gate terminal and the source terminal of the first transistor.
[0010] In one embodiment, the first depletion capacitor may include a positive
20 terminal and a negative terminal. The positive terminal of the first depletion capacitor
may be coupled to the gate terminal of the first transistor and the negative terminal of the

first depletion capacitor may be coupled to the source terminal of the first transistor.



SUMVARY 100081According to one enbodi nent, an anplifier is provided.
The anplifier 10includes an input termnal; a first transistor of a
first condwotzoMmitigs2eand a second transistor of a second mamntir6iodeiby,
each transistor conprising a source termnal, a gate term nal and a
drain termnal respectively, the source termnal of the first

transi stor being coupled to the sourcé' terminal of the second
transistor, and the gate termnal of the first transistor and the
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[0013] In one embodiment, the amplifier may further include a first resistor coupled

10  between the drain terminal of the first transistor and a first voltage reference point.

[0014] In one embodiment, the first resistor may include a first terminal and a second
terminal, The first terminal of the first resistor may be coupled to the drain terminal of the
first transistor and the second terminal of the first resistor may be coupled to the first
voltage reference point.

15  [0015] In one embodiment, the amplifier may further include a second resistor
coupled between the drain terminal of the second tramsistor and a second voltage
reference point.

[0016] In one embodiment, the second resistor may include a first terminal and a
second terminal. The first terminal of the second resistor may be coupled to the drain

20  terminal of the second transistor and the second terminal of the second resistor may be
coupled to the second voltage reference point.

[0017] In one embodiment, the amplifier may further include a first output capacitor

coupled between the drain terminal of the first transistor and the output terminal.



1001211 n one enbodi ment, the second depletion capacitor may include a
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[0020] In one embodiment, the second output capacitor may include a positive
10  terminal and a negative terminal. The positive terminal of the second output capacitor
may be coupled to the drain terminal of the second transistor and the first terminal of the
second resistor and the negative terminal of the second output capacitor may be coupled
to the output terminal.
[0021] In one embodiment, the amplifier may further include a gate inductor having a
15  first terminal and a second terminal, a first gate capacitor having a positive terminal and a
pegative terminal, and a second gate capacitor having a positive terminal and a negative
terminal. The first terminal of the gate inductor may be coupled to the input terminal, and
the second terminal of the gate inductor may be coupled to the positive terminal of the
first gate capacitor and the positive terminal of the second gate capacitor. The negative
20  terminal of the first gate capacitor may be coupled to the gate terminal of the first
transistor and the positive terminal of the first depletion capacitor. The negative terminal
of the second gate capacitor may be coupled to the gate terminal of the second transistor

and the positive terminal of the second depletion capacitor.



5 100181In one enbodi nent, the first output capacitor may include a
positive termnal and a negative termnal. The positive term nal of
the first wotplpi4e@paci tor may be coupled to the drai n ge@aysg208ko0b2
the first transistor and the first termnal of the first resistor and
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the Soutput termnal. 100191In one e dinment, the anplifier may
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[0024] In one embodiment, the first bias voltage input terminal may be provided
between the negative terminal of the first gate capacitor and the positive terminal of the
first depletion capacitor.
[0025] In one embodiment, the amplifier may further include a second bias voltage
15  input terminal adapted to provide a second bias voltage to the gate terminal of the second
transistor.
[0026] In one embodiment, the second bias voltage input terminal may be provided
between the negative terminal of the second gate capacitor and the positive terminal of
the second depletion capacitor.
20  [0027] In one embodiment, the first transistor may include an n-channel metal-oxide-
semiconductor field-effect transistor.
[0028] In one embodiment, the second transistor may include a p-channel metal-

oxide-semiconductor field-effect transistor.



6 [0022] 1 n one enbodinment, the anplifier may further include a source
i nductor having a first termnal and a second term nal, and a source
capaci t or Wwewvtng4m290si tive term nal and a negative terpgmsdz0110b@92
first termnal of the source inductor may be coupled to the source
temlnal of the first transistor, the _negative termnal of the first
5 depletion capacitor, the source terinal of the second transistor
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conductivity and a second transistor of a second conductivity, each transistor comprising

10  a source terminal, a gate terminal and a drain terminal respectively, the source terminal of
the first transistor being coupled to the source terminal of the second transistor, and the
gate terminal of the first transistor and the gate terminal of the second transistor being
coupled to the input terminal.

[0033] In one embodiment, the first transistor may include an n-channel metal-oxide-

15  semiconductor field-effect transistor.

[0034] In one embodiment, the second transistor may include a p-channel metal-

oxide-semiconductor field-effect transistor.

BRIEF DESCRIPTION OF THE DRAWINGS
20  [0035] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention. In the



sem conductor field-effect transistor. [0028]1n one enbodi nent, the
second transistor may include a p-channel netal- oxide-sem conductor
field-effewbbrigasizétor. WO 2011/ 149426PCT/ SG2011/ 000 ¥A/s6230D8831 n
one enbodi nent, the second voltage reference point nmay be ground.

[ 0030] According to anot her enbodi nent,_a transceiver including an
anplifier as described above is provid%d. [ 0031] According to yet
anot her enbodi nent, an anplifier is provided. The anplifier 5
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[0038]  Figure 2 shows a schematic diagram of an amplifier according to one
embodiment.
[0039] Figure 3 shows a schematic diagram of an amplifier according to one
10  embodiment.
[0040] Figure 4 shows schematic diagrams of a first circuit arrangement and a second
circuit arrangement according to one embodiment.
[0041] Figure 5 shows a graph of measured drain current ipg, transconductance gm,
and first derivative of transconductance g of a 120-um/0.18-um n-channel metal-oxide-
15 semiconductor field-effect tramsistor and a 240-pm/0.18-um p-channel metal-oxide-
semiconductor field-effect transistor.
[0042)  Figure 6 shows a schematic diagram of an altemmating current equivalent
circuit of an amplifier according to one embodiment.
[0043] Figurc 7a shows a schematic diagram of a high impedance passive
20  amplification circuit according to one embodiment.

[0044] Figure 7b shows a schematic diagram of an equivalent circuit of a high

impedance passive amplification circuit according to one embodiment.



[0033] I n one enbodi ment, the first transistor may include an
n- channel netal - oxi de- 15sem conductor field-effect transistor.

[ 0034] I n owe 2ertheskkgrent , the second transi stor may i nclped8c2011/000192
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one embodiment.
5 [0047] Figure 9 shows a graph of noise figure (NF) plotted against frequency
according to one embodiment.
[0048]  Figure 10a shows a simulated third order input intercept point (IIP3) of a
conventional source degeneration cascode low noise amplifier (SDCLNA).
[0049] Figure 10b shows a simulated third order input intercept point (IIP3) of an
10  amplifier according to one embodiment.
[0050] Figure 11 shows a table listing simulation results of a conventional source
degeneration cascode low noise amplifier (SDCLNA) and simulation results of an
amplifier according to one embodiment.
[0051] Figure 12 shows a graph illustrating experimental results of an amplifier
15  according to one embodiment.
[0052] Figure 13 shows a graph illustrating third order input intercept point (IIP3)
linearity measurements of an amplifier according to one embodiment.
[0053] Figure 14 shows a table listing simulation results of four conventional
amplifiers, preliminary measurements of an amplifier with 500 impedance matching
20 according to one embodiment, and simulation results of an amplifier with high
impedance matching (non-50Q matching) according to one embodiment.

[0054] Figure 15 shows a graph illustrating simulation results of an amplifier with

high impedance passive network (non-50{) matching) according to one embodiment.



5[ 0037] Figure I b shows a schematic di agram of a conventi onal
current-reuse | ow noise anplifier. [0038] Figure 2 shows a schematic

di agr am ofwanoanpss#é i er accordi ng to one enbodi nent. [ GRIHG2LIAWED
shows a schematic diagram of an anplifier according to one 10

enbodi ment. [0040] Figure 4 shows schematic diagrans of a first
circuit arrangenent and a second circdPt arrangenent according to one
enbodi nent. [0041] Figure 5 shows a graph of neasured drain current
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5 [0057] Figure 18 shows a chip microphotograph of a receiver RF front-end according
to one embodiment.
[0058] Figure 19 shows a graph of measured conversion gain and input return loss
(S11) of a receiver front-end plotted against RF input frequency at an intermediate
frequency (IF) of 500 kHz according to one embodiment.

10 [0059] Figure 20 shows a graph of noise figure (NF) measurement plotted against
output frequency of a receiver front-end according to one embodiment.
[0060] Figure 21 shows a graph of third order input intercept point (IIP3) linearity
measurement where two-tones at 402 and 402.1 MHz are applied to an input of a receiver
front-end according to one embodiment.

15 [0061] Figure 22 shows a table showing measured results of four conventional

receivers and measured results of a receiver RF front-end according to one embodiment.

DETAILED DESCRIPTION
10062] Embodiments of an amplifier and a transceiver including the amplifier will be
20  described in detail below with reference to the accompanying figures. It will be
appreciated that the embodiments described below can be modified in various aspects

without changing the essence of the invention.



[ 0043] Figure 7a shows a schematic diagram of a high i npedance passive
20 anplification circuit according to one enbodi nent. [0044] Figure 7b
shows a sclWemaiiigs«dé agram of an equi valent circuit of a@dhsghoir/ooo192

i npedance passive anplification circuit according to one enbodi nment.
9 [0045]Figure 7c shows a schematic dl?gran1of an equivalent circuit
of a high inpedance passive anpllflca on circuit according to one
enbodi nent. [0046] Figure 8 shows a graph of s-paraneter plotted
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The amplifier 200 also includes a core 206.

5 [0064] The core 206 includes a first transistor 208 of a first conductivity and a second
transistor 210 of a second conductivity. In one embodiment, the first transistor 208 may
be an n-channel metal-oxide-semiconductor field-effect transistor (NMOS), and the
second transistor 210 may be a p-channel metal-oxide-semiconductor field-effect
transistor (PMOS). The first transistor 208 has a source terminal 212, a gate terminal 214

10 and a drain terminal 216. The second transistor 210 has a source terminal 218, a gate
terminal 220 and a drain terminal 222.
[06065) In one embodiment, the source terminal 212 of the first transistor 208 is
coupled to the source terminal 218 of the second transistor 210. The gate terminal 214 of
the first transistor 208 and the gate terminal 220 of the second transistor 210 are coupled

15  to the input terminal 202. The drain terminal 216 of the first transistor 208 and the drain
terminal 222 of the second transistor 210 may be coupled to various electrical
components which are not shown for ease of illustration. Details of the coupling of the
drain terminal 216 of the first transistor 208 and the drain terminal 222 of the second
transistor 210 are shown in Figure 3 and are described in detail with respect to Figure 3.

20 [oD66] The core 206 is configured to operate as a differential mode. The core 206
may operate as a differential mode due to the complementary characteristic of the first
transistor 208 and the second transistor 210. Since the first transistor 208 is NMOS and

the second transistor 210 is PMOS, the core 206 can operate between a high (e.g.



[ 0049] Figure 10b shows a sinmulated third order input intercept point
(I'1P3) of an 10 anplifier according to one enbodi nent. [0050] Fi gure
11 shows awbablig4d4eésting sinulation results of a convemgr@eadi1®euisre
degenerati on cascode | ow noise anplifier (SDCLNA) and sinul ation
results of an anplifier according to qgne enbodi nent. 100511Fi gure 12
shows a graph illustrating experi mentd? results of an anplifier 15
according to one enbodi nent. [0052] Figure 13 shows a graph
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{0067] Figure 3 shows a schematic diagram of another embodiment of an amplifier

300. The amplifier 300 includes an input terminal 302, a first transistor 304 of a first
conductivity and a second transistor 306 of a second conductivity. In one embodiment,
the first transistor 304 may be an n-channel metal-oxide—senﬁc;)nductor field-effect
10  transistor (NMOS), and the second tramsistor 306 may be a p-channel metal-oxide-
semiconductor field-effect transistor (PMOS).
[0068] The first transistor 304 includes a source terminal 308, a gate terminal 310 and
a drain terminal 312. The second transistor 306 includes a source terminal 314, a gate
terminal 316 and a drain terminal 318. In one embodiment, the source terminal 308 of the
15  first transistor 304 is coupled to the source terminal 314 of the second transistor 306. The
gate terminal 310 of the first transistor 304 and the gate terminal 316 of the second
transistor 306 are coupled to the input terminal 302.
[06069] The amplifier 300 includes an output terminal 320 coupled to the drain
terminal 312 of the first transistor 304 and the drain terminal 318 of the second transistor
20  306. The amplifier 300 also includes a first depletion capacitor 322 coupled between the
gate terminal 310 and the source terminal 308 of the first transistor 304. The first
depletion capacitor 322 has a positive terminal 324 and a negative terminal 326. The

positive terminal 324 of the first depletion capacitor 322 is coupled to the gate terminal



10 100551Fi gure 16 shows a bl ock diagramof a receiver RF front-end
according to one enbodi nent. [0056] Figure 17 shows a schematic

di agr am ofwe 2bnhdeds acti ve m xer according to one enbodioTti201100192

[ 0057] Figure 18 shows a chip m crophot ograph of a receiver RF
front-end according to one enbodi nent. [0058]Figure 19 shows a graph
of measured conversion gain and input ¥eturn loss (S11) of a receiver
front-end plotted against RF input frequency at an internediate
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bl ot ed a0t 442U ed%gﬁ]%gg&cﬁ{em%ngl%ﬁﬁwﬁaﬁ;sapf;ﬁsxsga}% paccording to

one enbodlﬁgn gure grap hird order input

i nt er cept (ﬁ ; r (e'hép%%pl ﬁap ?(fbr in le n'%assc%;:l& ggp etion caP/acnorVQStc?nqgl d gétween

and 402.1 AR Fhon &
di b 15[ 0061] F h
o 700 SRR A RS 2o AL SLF o

5  second depletion capacitor 328 has a positive terminal 330 and a negative terminal 332.

The positive terminal 330 of the second depletion capacitor 328 is coupled to the gate
terminal 316 of the second transistor 306 and the negative terminal 332 of the second
depletion capacitor 328 is coupled to the source terminal 314 of the second transistor 306.
[0071] The amplifier 300 includes a first resistor 334 coupled between the drain

10  terminal 312 of the first transistor 304 and a first voltage reference point 336. The first
resistor 334 includes a first terminal 338 and a second terminal 340. The first terminal
338 of the first resistor 334 is coupled to the drain terminal 312 of the first transistor 304
and the second terminal 340 of the first resistor 334 is coupled to the first voltage
reference point 336.

15 [0072] The amplifier 300 includes a second resistor 342 coupled between the drain
terminal 318 of the second transistor 306 and a second voltage reference point 344. The
second resistor has a first terminal 346 and a second terminal 348. The first terminal 346
of the second resistor 342 is coupled to the drain terminal 318 of the second fransistor
306 and the second terminal 348 of the second resistor 342 is coupled to the second

20  voltage reference point 344. In one embodiment, the second voltage reference point 344
may be ground.

[0073} The amplifier 300 includes a first output capacitor 350 coupled between the

drain terminal 312 of the first transistor 308 and the output terminal 320. The first output



receivers and neasured results of a receiver RF front-end according
to one enbodi nent. DETAI LED DESCRI PTI ON 100621Enbodi nents of an
anplifier wodoa/mesanscei ver including the anplifier w IHCTI®G2@0/000192
described in detail belowwith reference to the acconpanying fi gures.
It will be appreciated that the enbodi ments described bel ow can be
nodi fied in various aspects without cHdngi ng the essence of the
invention. 11 [0063]Figure 2 shows a schematic di agram of one
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and a drain term nal . [0065]1n one di ment, the sou

ot nal _ 2ABPBrcpHor 356 hat g oprelie d?mwgrggg b PERRTYVS tqrRneL - The
termnal 218 of the second transjstor 210, The gate ter al. 214,of
the first Raskelmael Sgmotdhesechad w%ce@mrﬁég ienypls tqﬂw]@ sginal
transi stor_210 are cqoupled 15 to the_ input ternlnal 202. The drain
Cerm nal 231 Qhe sseondtrassistpr M6nd thorfirs el 346,ef the second repivipri42. Bhey
of the second transistor 210 may be coupled_to various el ectrical
conpondht sneganverierminal 369 ofsth%wrfdcﬂutr@ag@aefor#ﬁ? i5spyrled tgihe quinus fermngk
the coupling of the drain termnal 216 of the first transistor 208
and the dr#U termnal 222 of the second transistor 210 are shown in

Figure 3 and are described in detail wth resPect to Figure 3.
[0075] In other words, the negative terminal 354 of the first ourput capacitor 350 is

coupled to the negative terminal 360 of the second output capacitor 356. The output
terminal 320 is coupled between the negative terminal 354 of the first output capacitor
15 350 and the negative terminal 360 of the second output capacitor 356.
[0076] The amplifier 300 includes a gate inductor 362 having a first terminal 364 and
a second terminal 366, a first gate capacitor 368 having a positive terminal 370 and a
negative terminal 372, and a second gate capacitor 374 having a positive terminal 376
and a negative terminal 378. The first terminal 364 of the gate inductor 362 is coupled to
20  the input terminal 302, and the second terminal 366 of the gate inductor 362 is coupled to
the positive terminal 370 of the ﬁrét gate capacitor 368 and the positive terminal 376 of
the second gate capacitor 374. The negative terminal 372 of the first gate capacitor 368 is

coupled to the gate terminal 310 of the first transistor 304 and the positive terminal 324



20 [0066] The core 206 is configured to operate as a differenti al
node. The core 206 nmay operate as a differential node due to the

conpl enentwoyoanasact eri stic of the first transistor 2@3TARdoiisnioz
second transistor 210. Since the first transistor 208 is NMOS and the’
second transistor 210 is PMOS, the core 206 can operate between a
high (e.g. 12 positive) voltage and &%l ow (e.g. negative) voltage.
Wen a high (e.g. positive) voltage is applied at the input term nal
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(DB) 5 oo Sent (P g o 29+ ﬁ"’d’ﬁc‘ﬁ’éggﬁc ot RBIt e inal 388
met al - oxi desem conduct or %dd)elgg ?f fect, t ]%%PMRS‘); % 068% Th
first tr ar@fietnasatsveaemwel & figh tergial 472 g mancigr 180 5 & lm'
310 and a dral nterm % The second tr nsi st.or 306 111
sour ce t er'fitigaP “"SiEF &f therfirst foapsiatel3 Uy the Regping W@E‘PHE&H 8“ I n
one enbodi nent,, the source termnal 308 _of %I{ll% 15 first tran ‘i?}}e
304 is coulsPletion eAmaRior Sddy te spwrrerminak 3kt gf therecand HnsistoF aﬂ
306. The gate term nal 310 of the first transistor 304 and t he
terninal Jeeatiye grminad d32e{dhe sesprd daplstion eepagifar 328 (b seropd terminal 3 (o
term nal 302.
10  the source inductor 380 is coupled to the positive terminal 388 of the source capacitor
386. The negative terminal 390 of the source capacitor 386 is coupled to the second
voltage reference point 344.
[0078] The amplifier 300 includes a first bias voltage input terminal 392 adapted to
provide a first bias voltage to the gate terminal 310 of the first transistor 304. The first
15  bias voltage input terminal 392 is provided between the negative terminal 372 of the first
gate capacitor 368 and the positive terminal 324 of the first depletion capacitor 322. The
amplifier 300 also includes a second bias voltage input terminal 394 adapted to provide a
second bias voltage to the gate terminal 316 of the second transistor 306. The second bias
voltage input terminal 394 is provided between the negative terminal 378 of the second
20  gate capacitor 374 and the positive terminal 330 of the second depletion capacitor 328.
[0079] In one embodiment, the amplifier 300 may include an n-channel metal-oxide-

semiconductor field-effect transistor (NMOS) and a p-channel metal-oxide-

semiconductor field-effect transistor (PMOS). The NMOS and the PMOS may be



100691The anplifier 300 includes an output term nal 320 coupled to
the drain termnal 312 of the first transistor 304 and the drain
term nal 3%820fi/1i9u@6 Second transi stor 20 306. The anpl idgr&c20Q000@bS0
includes a first depletion capacitor 322 coupl ed between the gate
termnal 310 and the source termnal 308 of the first transistor 304.
The first depletion capacitor 322 has 18 positive termnal 324 and a
negative termnal 326. The positive termnal 324 of the first
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[ 0070] The i fi Lhecl udes a,seco depl.eti.on_capacit 28 .
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t he 'second transjstor 306., T con tiLon capacitor 328 has
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termnal 332 of .the second depleti C ptor .3 j oupl ed t o the
source t erfPRH befFen, the; §§%Hﬁ&‘%ﬂﬁﬁsﬁgﬁ%Fm£8§a§4987§T*ﬁ§ﬁﬁﬁﬁﬂ i er
300 includes a first resistor 334 coupl ed betfween the drain

L0t er i nal apiBen00 Fay previde § F%ﬂﬁi‘%&%@%éim&h‘d"“ép"l‘i aAREPAEY of the
reference_ﬁoint 336. _The first resisto§F§34 i ncl degga tinﬁt teﬁé%nal
338 and a BMOSmpdiths FMES may provifg@ qomplementapy,mgial-oxagseppicqnducter fied-
resistor 334 is coupled to the drain termnal 312 of the first

t ransi st oretisoitrapsigtor KeMOSLoWih this aTengemeniothe NMQS and the PNIQS imay fie ogg4

is coupled to the first vol tage_ reference point 336, 15100_721Th§
anpl i f1%r @errerREng)fisendinguiheinpws Whep thejnput inhigh.dbe PMQRispiaRe the

drain
PMOS is off. When the input is low, the NMOS is off and the PMOS is on.

[0080] In one embodiment, the amplifier 300 may be formed by combining a first
circuit arrangement 400 and a second circuit arrangement 450 as shown in Figure 4. The
first circuit arrangement 400 includes an input terminal 401 and an output terminal 402.
15  The first circuit arrangement 400 includes a transistor 403 of a first conductivity having a
source terminal 404, a gate terminal 405 and a drain terminal 406, a depletion capacitor
407 having a positive terminal 408 and a negative terminal 409, a resistor 410 having a
first terminal 411 and a second terminal 412, an output capacitor 413 having a positive
terminal 414 and a negative terminal 415, a gate inductor 416 having a first terminal 417
20 and a second terminal 418, a gate capacitor 419 having a positive terminal 420 and a
negative terminal 421, and a source inductor 422 having a first terminal 423 and a second

terminal 424. In one embodiment, the transistor 403 may be an n-channel metal-oxide-



term nal 318 of the second transistor 306 and a second voltage
ref erence point 344. The second resistor has a first termnal 346 and

a second twordnAahes3¢!8. The first term nal 346 of the se¢ard26188001@60r
342 is coupled to the drain termnal 318 of the second transistor 306
and the second term nal 348 of the second resistor 342 is coupled to
the second 20 vol tage reference point 1344. |In one enbodi nent, the
second voltage reference point 344 may be ground. 10073] The anplifier
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out put capacitor 356 is coupled to e drain tmnal 31 f the,
second t r aiferEirEH1%dhe iﬁﬂltﬁwﬁﬁpéﬁft%m&sw&r“@f@ oppied o the Sishfgrminal
resistor 342. The 10 negative term nal 360 of the second output
capaci t or ‘Bdefths regiion 4 andthe pesidys teningl d14hiag oup capagiiersiipn ot her
words, the negative term nal 354 of the first output capacitor 350 is
coupl ed t ol0P8E nelpa posiive srminah2038{the pate epagiterdHd 1 ERYpLRd te dhpaterendy
356. The output term nal 320 is coupled between the negative term nal
354 of 1& heterpipalt418 of fgtaatedpduciar Gl 6-1Eheduy terunal Hi7 aEdseptpdndusionithafs
360 of the second output capacitor 356, [0076] The anplifier 300
i ncl udes acoypleé i thel inpubtermigal 404y Thegpegativietgminag i b pithe getnutfgeciostdond
termnal 366, a first gate capacitor 368 having a E)osi tive term nal
370 and a iaegenled/® the onipyhfermmal 42 dha sewad terminal 41¢ gf he tepistog 10 is
having a positive term nal 376
coupled to a first voltage reference point 426. The second terminal 424 of the source
inductor 422 is coupled to a second voltage reference point 427. In one embodiment, the
15  second voltage reference point 427 may be ground. The bias voltage input terminal 425 is
coupled between the negative terminal 421 of the gate capacitor 419 and the positive
terminal 409 of the depletion capacitor 407. The bias voltage input terminal 425 may be
adapted to provide a bias voltage to the gate terminal 405 of the transistor 403.
[0083] The second circuit arrangement 450 includes an input terminal 451 and an
20  output terminal 452. The second circuit arrangement 450 includes a transistor 453 of a
second conductivity having a source terminal 454, a gate terminal 455 and a drain

terminal 456, a depletion capacitor 457 having a positive terminal 458 and a negative

terminal 459, a resistor 460 having a first terminal 461 and a second terminal 462, an



and a negative termnal 378. The first term nal 364 of the gate

i nductor 362 is coupled to 20 the input termnal 302, and the second

term nal 386 20f1/1idwee gat e i nductor 362 is coupled to theqrstbineeois

termnal 370 of the first gate capacitor 368 and the positive

term nal 376 of the second gate capacitor 374. The negative term nal

372 of the first gate capacitor 368 iéscoupl ed to the gate term nal

310 of the first transistor 304 and the positive termnal 324 15 of
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anplifier 300 also includes a second bias_voltage input tenninal 394
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the second transistor 306. The second bias voltage input term nal 394
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[0085] The positive terminal 470 of the gate capacitor 469 is coupled to the second

terminal 468 of the gate inductor 466. The first terminal 467 of the gate inductor 466 is
15  coupled to the input terminal 451. The negative terminal 462 of the output capacitor 463
is coupled to the output terminal 452. The first terminal 473 of the source inductor 472 is
coupled to a third voltage reference point 476: The second terminal 462 of the resistor
460 is coupled to a fourth voltage reference point 477. In one embodiment, the fourth
voltage reference point 477 may be ground. The bias voltage input terminal 475 is
20 coupled between the negative terminal 471 of the gate capacitor 469 and the positive
terminal 458 of the depletion capacitor 457. The bias voltage input ten:.ninal 475 may be

adapted to provide a bias voltage to the gate terminal 455 of the transistor 453.



20 gate capacitor 374 and the positive term nal 330 of the second
depl etion capacitor 328. 100791l n one enbodi nent, the anplifier 300
may i ncl udgoamnzebannel netal - oxi de- sem conduct or fi acdysehig®boroz
transi stor (NMOS) and a p-channel netal - oxi desem conduct or
field-effect transistor (PMOS). The NMOS and the PMOS nay be 16
coupl ed such that the respective sourd® terninals are coupl ed
together. Thus, the anplifier 300 may have a conmon source topol ogy.
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resi st Bt 43eeondavAnpigion396)y k. thranahi thedraiptermipg] 342 0f dherfirst ©ngisten pO4ans
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termi nal 4the drain Jermingl ©HEcefo the aspeondatyansiston 306y Jhe radyantagg| of shayinggthis ¢
a second termnal 418, a gate capacitor 419 having a positive
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having a first termnal 423 and a second term nal 424. In one
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15 components is required for input matching. The common-source (CS) topology can
provide improved noise and linearity performance.
[0088] Since only a small amount of DC current flows through the drain terminals
312, 318 of the transistors 304, 306, a small voltage drop occurs in both load resistors R,
(e.g. first and second resistors 334, 342) and 1-V supply voltage can still be used without

20  headroom issues. In other words, a low voltage and ultra-low power désign can be used
for the amplifier 300. No additional power is required for the common-source (CS)
topology of the amplifier 300, Both the first transistor My, 304 and the second transistor

My 306 are biased so that the gate-to-source voltage Vgsis close to the threshold voltage



[ 0081] The source term nal 404 of the transistor 403 is coupled to the
negative term nal 408 of the depletion capacitor 407 and the first
term nal 428 20f1/1i9¥es source 5 i nductor 422. The gate termpmsa249050101
the transistor 403 is coupled to the positive term nal 409 of the
depl etion capacitor 407 and the negative term nal 421 of the gate
capacitor 419. The drain term nal 40628f the transistor 403 is
coupled to the first termnal 411 of the resistor 410 and the
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t o t helfhedifferpetial anodendue ip5 theogomphemengasy charasieristip oofj NMOS §ze.athg firle
second term nal 474 of the source inductor 472. The gate term nal 455
of the tr atrasnisistop B045@dPMRS (gt dhe sasondBagsistor 309 Thiy mast refrin 2 5pelef

t he depl etion capacitor 457 and the negative term nal 471 of the gate
capaci t or eh@ded inpiteouttyus differeatiatiamplifirs3900f t he transistor 453 is
coupled to the first termnal 461 of the resistor 460 and the

posi tive ti#p8Alnal SinGAthefaniphifien 300 effectizgin optrates 463, differential amplifier, the

even-order distortion can be eliminated. Figure 5 shows a graph 500 of measuyed drain
20 current ips, transconductance gn, and first derivative of transconductance gm’ of a 120-
pm/0.18-pm NMOS and a 240-um/0.18-pm PMOS FET (see reference {1] I. Nam, B.
Kim, and K. Lee, “CMOS RF amplifier and mixer circuits utilizing complementary

characteristics of parallel combined NMOS and PMOS devices,” IEEE Trans. Microw.



[ 0085] The positive termnal 470 of the gate capacitor 469 is coupled
to the second term nal 468 of the gate inductor 466. The first

term nal 496 20f1/149%8s gat e i nductor 466 is 15 coupl ed t o pchgsGrmatebo1oz
term nal 451. The negative term nal 462 of the output capacitor 463
is coupled to the output termnal 452, The first termnal 473 of the
source inductor 472 is coupled to a third vol tage reference point
476. The second term nal 462 of the resistor 460 is coupled to a

fourth vol 1gh LAMREENGS SBYioM pfT662.87100Ey SBBUBER2 shb0E b Aitabficd

vol tage re nce point 477 rré{/)p'be ground. " The ‘bi as vol tage i nput
gat e capackPhPRIEEERkRTio il RRY f OF BERELE SEULE VR o A Bl
o ovi do.a Bpscondiiak 32 ol 308 R bark REAMAG softd FRYpIBPSRE RS d ©
cirouit arvangevant: ysBumilpfties U RORETERne U, PR cdfrcP RN Yo
fop of T nehor kAR tbre Eue SREMGS b ok iB8nent 450,
Curr ent -+ BT oo PP oM GBS e 3t S R0 R EonB BRI ary
(o o 11 r PP isn oo g teoh s T Saeiar T RS P e

(e.g. seco trgnsi stor 306) to reuse the direct current (DC) anobng
the two sy#%éfﬂ”ﬁ’fﬁ?ﬂ?ssﬁ'acked amplifiers. In short, the DC current
can flow through both the NMOS CS anplifier (e.g. first transistor
304) and the PMOS CS anplif gt ‘(g.‘?.J,_]L?'&epﬂJEjvl ransi stor 306), i.e.
through the drain terninal “31% of” fhe2/fT Fst 24 1afisi stor 304 and the
drain term nal 318 of the second transistor 306. The advant age of
havi ngl® hi whereinfii gumzdlisignal draiponpentiof the trapsistos dwsvie diread maiirent (DC) drain
current-reuse topology is that no DC feedback circuitry is required

t o defi ne dulrentopfethattiangjstpiigatis dlie ranyhondnygemtangs is whepfitst demativéof the
additional circuit or conplexity is required. Less nunber of passive
15 conponemninsconduatangel s, @dd ¥ is sma) signateghehosoureévdtagonmon- sour ce ( CS)
t opol ogy can provide inproved noise and linearity performance. .

[ 0088] Si n(jé0%i}| y Eromntht labarognationf itR@n dbanmderstodd byva skilied pgison itat grai n
termnals 312, 318 of the transistors 304, 306, a small voltage drop
occurs i n daodeh stcoadtordes hatlineaityRbf the drain current. Since g, of NMOS (e.g. the first

15 transistor 304) and g, of PMOS (e.g. the second transistor 306) have oppbsite signs,
combining them can suppress the second-order nonlinearity of the drain current. A slight
improvement in third-order nonlinearity can be obtained due to cancelling effect of S -
In other words, an improvement in the second order input intercept point IIP2
performance can lead to a slight enhancement in the third order input intercept point IIP3.

20 [0092] Figure 6 shows a schematic diagram of an AC (alternating current) equivalent
circuit 600 of the amplifier 300. Vg ;, represents an input voltage of the circuit 600, isg o

represents a current passing through the first transistor 304, i, , represents a curmrent



(e.g. first and second resistors 334, 342) and 1-V supply voltage can
still be used w thout 20 headroomissues. In other words, a | ow

vol t age angoubiassbow power design can be used for the panEc6i186018300.
No additional power is required for the common-source (CS) topology
of the anplifier 300. Both the first ansistor Ma 304 and the
second transistor My 306 are biased that the gate-to-source
voltage VO5 is close to the threshold voltage 20 Vm The transistors
304, 306 a}FﬁSLﬁ Eh%ixgﬁ(%hé §Rbnd H&sie&lrtaaa%atvnaqéﬁes%nes%nmuﬁﬁ@%ﬁgge\@@{@
(supply voltage/2) to provide symTetrl c characteristics between the
two stackegd . apghsfiers. Node Ais alternating current (ac) ground at
400 MHz due to the Iarge bypass capacitor Cs (e.g. source capacitor

386). Th £ :

incl) udedefio%gc groun aﬁiﬁgigf%gg{;tfi%%f‘n% eucE:SUi:ggghgm 8%&3 %c}?’(g)%ﬁ%%bgklsp
cl uded _ ey

i npedance %&%@#ﬁ%a%ﬁmﬁan%ﬁ? ALPBHBIGH AT Houl Rl PP e B

At 1S P L B e R e 5RO e e}ffe&ﬂ%c,gmg&@%f SOt

gate-to- SOU ce Cca aCI ance s are 1 ncreased 1 n comparison

SDCLNA 102 of, .Fi gur e at t [ _con the siz
both the 18 tﬁlg‘fﬁ &F8h %bn ¢ Str%gm%ﬁg?\égma%fgﬁaﬂﬁ %éénoﬁ]‘r:tg%th(%ug% or

ac- coupl oGRS AR 05&“@%5}1 Sl ey S 145 LR so5E oot

the first :ltgranm stor Msd 304 and the second transistor no 306 are
connect ed (9get her, respectively whi ch results in both the input and

LTI L B T LS S
di ff d d h | h

(o9 e mm‘ifi’ﬁlf b s P! :{?‘?ff“?%‘f%%‘?‘i‘?‘f“ﬁ@“
anplifier ‘@’Gd gFﬁE‘ﬂ”?‘We af'ﬁ‘b g]ffgl" 3§@@“@F‘F%’§F‘?Ig%ﬁ pot ffé‘il:)as

a differenti anplifier, the even-order distortion can be

el i m nat ecc® F&ﬁ?‘é’@pﬁi’ﬁ% a graph 500 of measured drain 20 current
i Ds, transconductance gm and first derivative of transconductance
gm of a 198%i pn1 eurg 7 bﬁh%mc%ﬁwa 12@6"‘&1}‘%‘18‘1’ W‘WRC‘ ifigghon

reference [1]. Nam . B.
circuit 800 The circuit 800 has an antenna 802 and an amplifier 804. The antenna 802

15  has an inductor 806 and a resistor 808 connected in series. The antenna 802 also has a
capacitor 810 connected in parallel with a series connection 812 of the inductor 806 and
the resistor 808. The amplifier 804 may be a low noise amplifier. In one embodiment, the
amplifier 804 may correspond to the amplifier 200 or the amplifier 300 as described
above.

20 [0096] Figure 7b shows a schematic diagram of an equivalent circuit 814 of the
circuit 800 of Figure 7a. The equivalent circuit 814 includes the inductor 806, the resistor
808 and a voltage source 816 comnected in series. The equivalent circuit 814 also

includes the capacitor 810 connected in parallel with a series connection 818 of the



Kim and K Lee, "CMOS RF anplifier and m xer circuits utilizing
conpl ementary characteristics of parallel combined NMOS and PMOS

devi ces, " wbkhifinvaps. M crow. 21 Theory and Tech., volpcadczm/00019PpP.
1662-1671, May 2005). Plot 502 shows the nmeasured total drain current’
i ps plotted against a gate-to-source $$Itage V. Plot 504 shows the
transconductance g,,, plotted against “the gate-to-source voltage V.
Pl ot 506 shows the rust derivative of nansconductance go,' plotted

agai nst thﬁdgﬁ&esdﬁoﬂﬁoﬂé&%r %68 Eﬁﬁ&e\(rolt%epédﬁ}cemﬁ FHO WguitdiéH Qirc VR
and gr,,' of PMOS have opposite signs 0090] A smal | signal drain

current i di, Eﬁlﬁesaa ‘?ﬂ-ﬂﬁ?Qa&@%ﬁ@%&c‘t%in%arﬁfeﬂ@ﬂﬁﬁﬂ%ﬁ&cnfﬂ gi6l &lf £ct

transi stor irst transistor 304 and the second transistor

306) can b é&p{eﬁaﬁﬁgyrlagogn%gﬁdﬁg afaﬁ?l RIS mleygspsgﬁo# 820. Ealdie

ids is sna si gna anS|stor IDS 1's rect

current ( Dloufielh i GIGEEDk 9@&5‘3&0 399 3} Qlscofld ;ﬁantsbsbgado ed line

t ransconduct ance, er Ivati ve O e transSconauct ance

g9"" ands Vgg,d thélff?i 29 ﬁlog ot h S{:@‘?vﬁeb%ﬁ&n é‘#zﬁ iﬁ%ﬁdes]tﬁf@%n]d E&Pﬁbé Wﬁe

above equa I on erson

K@ge? e's ecotﬁgtoro %&? g:te v%ﬂ!agleqsgﬁ'ce &Vs and the c%pgcif%r B16 Hheé §8bnd Ebrﬂ&? g8 &F hd

equivalent circuit 814 includes further capacitor 820 and the further resistor 821. A
source impedance Zg can be calculated based on the first portion 822 of the equivalent
circuit 814. A load impedance Z; can be calculated based on the second portion 824 of
10 the equivalent circuit 814. In other words, the source impedance Zs shown in Figure 7b
may be calculated based on the impedance of the antenna 802 shown in Figure 7a. The
load impedance Z; shown in Figure 7a may be calculated based on the impedance of the
amplifier 804 shown in Figure 7b.
[0097] Figure 7¢ shows a schematic diagram of an equivalent circunit 828 of the
15  circuit 800 for noise calculation. The equivalent circuit 828 iuclut'ies the inductor 806, the
resistor 808 and a voltage source 816 connected in series. The equivalent circuit 828
includes the capacitor 810 connected in parallel with a series connection 818 of the
inductor 806, the resistor 808 and the voltage source 818, forming a parallel arrangement
830. The equivalent circuit 828 also includes the amplifier 804. One end 832 of the
20  parallel arrangement 830 is coupled to an input terminal 834 of the amplifier 804. The
other end 836 of the parallel arrangement 830 is coupled to ground 838.
[0098] The voltage gain of the amplifier 804 can be calculated using the following

equation:



15 transi stor 304) and go of PMOS (e.g. the second transistor 306)
have opposite signs, conbining themcan suppress the second-order
nonl i near iwg 20f1/193¢6 drai n current. A slight i nprovenentpgnsG2011/000192
third-order nonlinearity can be obtained due to cancelling effect of
go,'. In other words, an inprovenent 23 t he second order input
intercept point I1P2 performance can [‘éad to a slight enhancenent in
the third order input intercept point I P3. 20 100921 Figure 6 shows
a schematic diagramof an AC (alternating cusrent) equivalent circuit

600 of the anplifier 300. Vs, & &Q. ngpRg,s,egt—s"—an i nput vol tage of the
circuit 600, ist" represents a current pas sﬁgthhrough the first

transistor 304, istp represents a current

2011/ 149428k /A5G 0p1tAg00H® 2f AR gmpdifien §04, erSgam inpet chacgen(@-gt chargd of or
306, and \Tout represents an output voltage of the circuit 600.

[ 0093] An esapaditonBld)j ghisitradssondwaracey Bt is duhd gesistanke (636 2esimtanch ef resistor
enpl oyed for 509 inpedance matchi ng and passive anplification. The

i nput mat c808hgLds loadiimpedaek, dnil &s istsowrcd impedaricev ol t age and noi se from
the antenna with the effective inductance of the input matching
circuits ThHe roisp figurENEhcandechlcalated usivgy/the fistlowdre dobhatiapat e | nduct or Lg
362, the depletion capacitor Cdn 322 the depl eti on capacitor

328, and the source i d\wc;.o: Ls 3 Avj2 {4 i nducyance i s Iarge
enough, the outl}s}E#l(ﬂog - Hﬂf@@—@%} domi r(d& ed by
the anplified input noi se. Yhe si naI- -noi $6%ei o is/not nuch
degraded due to the input referred noise of the anplifier 300, and

t he resul twhge NH sendisegiguee, (WHs witagdef tharvoltege soupreo®ied ViLQQQ8kLFsqur e
7a shows a schematic diagram of high i npedance passive anplification
circuit 80fRferchheinpuraltage &Ube hraplifien 36 tAanin olke gamdQgris aglinf factor 804.
The antenna 802 15 has an inductor 806 and a resistor 808 connected

i n seri es.thd ipuaditeling cid@izt, addSVY; NAaSpuied8 p acferende ifighd voltape of thechmplifier
parallel with a series connection 812 of the inductor 806 and the
resistpr 8§18. The anplifier 804 may be a | ow noise anplifier. In one
enbodi nent, the anplifier 804 may correspond to the anplifier 200 or

the anpli fkﬁ*émﬁQQJ AR attEy, 'dbﬁeb na » the output noise is dominated by the input

noise and the noise figure can be effectively reduced significantly.

[0099] The maximum passive amplification can be applied to the amplifier 300 for

non-50Q impedance matching applications. Additional gain, im.lproved NF and further
15 reduction in power can be achieved by using the maximum passive amplification.

[00100] The amplifier 300 and the conventional SDCLNA 100 are simulated at about

1.0 V, about 27°C and with 50 impedance matching. Figure 8 shows a graph 900 of

s-parameter plotted against frequency. Plot 902 shows insertion loss (S21) of the

conventional SDCLNA 100 plotted against frequency. Plot 904 shows input return loss
20  (S11) of the conventional SDCLNA 100 plotted against frequency. Plot 906 shows

insertion loss (S21) of the amplifier 300 plotied against frequency. Plot 908 shows input

return loss (S11) of the amplifier 300 plotted against frequency. It can be observed from



20 [0096] Figure 7b shows a schematic diagram of an equivalent circuit
814 of the circuit 800 of Figure 7a. The equivalent circuit 814

i ncl udes twe anayeker 806, the resistor 808 and a vol t 3ga/¥RM19H6018L6
connected in series. The equivalent circuit 814 also includes the
capaci tor 810 connected in parallel mﬁgh a series connection 818 of
the 23 inductor 806, the resistor 808%and t he vol t age source 818.
The equivalent circuit 814 includes a further capacitor 820 connected
in parall el ¥ 6 hilGnE @PAEhEESS of 1 cofMltidal SDERRMA 1095nd R arfidiier 300
connected Tn parallel wth the further capacitor 820. The equival ent’
circuit 81ﬁegﬁgg*vided into a first portion 822 and a second portion
824 by a dotte ine 5 826. The first portion 822 of the equival ent

circult Blibold)i! VB! ol Rd4eiA 1080 n$i§'eeﬁ%§%glfﬁ)%lol@é&%ga%ﬁtef{ﬁgg&?ge

source 818 and 't he“capacitor e secon ti'on 82

equi val ent e il o8 hd QEHYRSCdLAEE GSBAGAT B0 AR AR IS TET

resistor 8 -sour ce |1 npedance can be calcula

0% POl TS L hhiinylsct Rt

can be Ttalcu on ion 8

cau vl entuctsd bePlhe 40y OUASie YLl SRIGEY AREINGEH, BhEL
002 MO |0 e Gl N 3B RS R A RaE fic  FP
o T L OO i SO BSOS T G
g o vol 185 Shmpreson fo S fneeiinne SPCHI oo v of el bRt SPR S
Connectd orinpiypt Eh S RRer chsgoRton, p hf BF ool ey e Sprabe
SRR, IR R L T
el hATSTE R 2 s BB 5 ot SO g

coupl ed to ground 838. 100981The voltage gain of the applifier 804
can be cal@irauees! RGN NO0s The &R f g‘ﬁLFQPY"GH‘.’nal SDCLNA 100'is about -

10.7dBm. Figure 10b shows the shows the simulated third order input intercept point IIP3

15 ofthe a.mpliﬁer 300. The IIP3 of the amplifier 300 is about -6.5(%Bm. It can be observed
that in comparison to the conventional SDCLNA 100, the IIP3 of the amplifier 300 is
improved.

[00103] Figure 11 shows a table 1200 listing the simulation results of the conventional
SDCLNA 100 and the amplifier 300. Column 1202 shows the targeted simulation results.

20  Column 1204 shows the simulation results of the conventional SDCLNA 100. Column

1206 shows the simulation results of the amplifier 300. The amplifier 300 shows better

performance than the conventional SDCLNA 100.



24 ZLL A= QL -gmaind Zs +ZL where Av is voltage gain of the anplifier
804, Q@h is an input charge (e.g. charge of. capacitor 810), ginis

t ranscondwgbamqAaqesbé uad i s | oad resistance (e g. resi stpanse20i1/000192
resistor 808), ZL is |load inpedance, and Zs is source inpedance. 5

The noise figure (NF) can be cal cul at using the follow ng equation:
V2 +V2A2Q? V2 +V2 NF =10l ogi - 10l og(" "4'1 Vn2A2vQ@2nva2 where NF is
noi se figure, Vn is voltage of the voltage source 816, VLNA

i nput r ef eroomba F@Bﬁrlmﬁ&vd Dih 150D iRBGakle kPGl kdshi®Y of Hampfifiet S

vol tage gain nis aquality factor of the 1nput matching circuit,

and VENA_NK 508 ifbpodafodinkBiRf SRGA altRRHncy g8 BPaniMHR o ANt Pl

1302 shows the insertion loss (S21) of the amplifier 300 plotted against frequency. Plot
1304 shows the input return loss (S11) of the amplifier 300 plotted against frequency.
5  Plot 1306 shows the noise figure (NF) of the amplifier 300 plotted against frequency. The
NF of the amplifier 300 with 50 matching is about 2.9 dB.
[00105] Figure 13 shows a graph 1400 illustrating third order input intercept point
(1IP3) linearity measurements of the amplifier 300. Plot 1402 shows output power plotted
against input power for a fundamental signal. Plot 1404 shows output power plotted
10 against input power for a third-order product of the fundamental signal. A fitted line 1406
for plot 1402 is drawn and a fitted line 1408 for plot 1404 is drawn. It can be observed
from an intersection point 1410 of line 1406 and line 1408 that a -8.1 dBm of IIP3 is
measured for the amplifier 300.
[00106] Figure 14 shows a table 1500 listing simulation results of four conventional
15 amplifiers (see references [2] “A 1V wireless transceiver for an qltra—low—power SoC for
biotelemetry applications,” JSSC2008, [3] “A 1V wireless transceiver for an ultra-low-
power SoC for biotelemetry applications,” JSSC2008, [4] “A subthreshold low-noise
amplifier optimized for ultra-low-power applications in the ISM band,” TMTT2008, and
{5] “A novel ultra-low power (ULP) low noise amplifier using differential inductor
20  feedback™ ESSCIRC2006), preliminary measurements of the amplifier 300 with 500
impedance matching, and simulation results of the amplifier 300 with high impedance
matching (non-50Q matching). Columns 1502 to 1508 show the simulation results of the

four conventional amplifiers respectively. Column 1510 shows the preliminary



Referring to equation (1), if A2"QK2 " V&A , the output noise is
dom nated by the input noise and the noise figure can be effectively
reduced siwoizbiigaseéy. 100991The nmaxi num passi ve anpl i fecagd20n/06@m be
applied to the anplifier 300 for non-500 inpedance natching ’
applications. Additional gain, inpr OVP?ﬂBNF and further 15 reduction
in power can be achieved by using the Xi mum passi ve anplification.
100100] The anplifier 300 and the conventional SDCLNA 100 are

simul at ed AkasaRgiéhts bf the\am 3002 1ch 300 indbddbinde artHIRE E¥lien IRARGROWY -

Figure 8 shows a graph 900 of s-paraneter plotted agai nst frequency.
Plot 902 SHQVmiiedl fes@iit dOMS amphfibr 900 WRR AN uERhRRAhatSRE WonlHR

pl otted agai nst frequency. Pl ot 904r shows in%t return |l oss 20 (S11)
of the conygpthonal SDCLNA 100 plotted against frequency. Plot 906 -
shows insertion loss (S21) of the anplifier 300 plotted agai nst

frequency. @‘3’2 QRS Bimph AR hRLH S tllleo%lgph(ﬂgll 300 ks & REn AT 48 a

300 plotte inst frequency. It can be served from 25 graph 900

that thg s-par t C e}

anpl i i1 e G20 ﬁ%’r%“qﬁéo%ﬁ %?"gﬁ?é“’%%&"j"gg é’?g&ﬁ%"éd"&?“d
noi se figur NF .o inst...frequency. Plot. 1002 sh NF
of the contBRIF ShabrSEBIRRT F0h" Mg hEtimRsShse meRbing Bk epPTLS apBBado.
shows t he m.ni F of the c eptio 100 pl otted agai

T equency. ST oA 2250 TS S L o R oLl PP &PoBes S o 100
agai nst fre&]’uenc . Pl ot 1008 shows the /5n r}l mum NF of the Wr
300 pl ot t eWagail i 2nd i fguricst metk UNR-NP e & ot EstERasiioh °¥00
is about 2.6 dB. The NE of the anplifier 300 is about 1.8 dB. In
conpar i soncanyentiqaal agplifipesi &aamphfien 3R exbiits ay gnmpvesh perfomansp Mith 300
300 is 10 inproved at the_sane power consunption. The NF of the

anpl i f 1@r Boedansymashingapdwith highdmpeslapgeanatehiieased t ransconduct ance
of the cur[roﬁg;tsjreu_se s'ijsr ug; ure o;@; qg@fgél lifi er@éOQ.%ﬁ?OlOZ] lm';i Tl%}rle
10a shows i nEigareetd ©hewsdaogr usira{ingr e pUmp@hoR TSP 0pfihg he
convent i onal %%Gégg\ lgbgiﬁggh‘e |1 P3 of the congﬁntigqrﬁl S@?m?_g)NAPlio?@(ip(sj
about - 10afm [0} pmppdenee pRrSIVS MGNOTE [(rons |3t htled er
input intercept point II1P3 15 of the anplifier 300. The I1P3 of the
anpl i fier $09sits ingention log. 3 Braf the amplific 80Q blotied, egainshEequency: BlopdP4son

to the conventional SDCLNA 100, the I1P3 of the anplifier 300 is
i nproved. shows the input return loss (S11) of the amplifier 300 plotted against frequency. Plot

15 1606 shows the noise figure (NF) of the amplifier 300 plotted against frequency. The NF
of the amplifier 300 with non-50Q matching is about 1.6 dB which is improved as
compared to the NF of the amplifier 300 with 502 matching (e.g. 1.8 dB (sec Figure 9)
and 2.9 dB (see Figure 14)).

[00109] Simulation of the noise figure (NF) of the amplifier 300 at high impedance

20  (non-509 matching) can be carried out using various methods. One possible method is
the noise voltage method. Referring to the above-mentioned equation (1),

V2 4+ Via_ipuner a0d AJQL V] +Vy, can be simulated. The NF of the amplifier

A _outputrefer

300 obtained from the noise voltage method is 1.617 dB. Another possible method is the



[ 00103] Figure 11 shows a table 1200 listing the sinulation results
of the conventional SDCLNA 100 and the anplifier 300. Columm 1202

shows t he wenganesksi nul ation results. 20 Col umm 1204 Seaws:2bifi®oo192
simul ation results of the conventi onal SDCLNA 100. Col unm 1206 shows

the sinulation results of the anplifiﬁr 300. The anplifier 300 shows
better performance than the conventio SDCLNA 100. 26 1001041
Figure 12 shows a graph 1300 illustrating experinental results of the

anplifier §%9raa;ete§QQetthﬂ,e&c SerfiPiretWomd g NEhndbraed’ EL PHRANEY nédBHE afd
401 MHz to 406 MHz. Plot 1302 shows the insertion |oSs (521) of the

anmplifier c"‘&?e;i?io £1tseﬁhr b srhuth RON 88QY Thd NP b tht 3QHLBROWD dblhEncl TR
return loss (S11) of t anpllfler 300 plotted against frequency. 5

Foor nerpy DS R i LS. T O P A 0 et oy 1
e (L nég?i’%%%mééﬁﬁ%? s 3 e BBR010ED thd eqtiBbs' A4 bdtfudrdl "
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Trsggigﬁiave%a'}cct’&aa%'wﬁﬁ F‘i‘ug' oSt SoC feldl S PepEAPD "egtg},!n? ¢
hovel it 1 B e Bhp a&k@@rfn&&rﬁﬁ%&r&?&ﬁ?ﬂ or Ukl no dioronttal
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the anplifier 300 with h| q_ &ﬂgrce t chi ng (non- 50E1 maf chi qﬂ
Col unms 1598 £33 loypBoish P Hiea msiliHeTent 3pBlications (o s uifa-1p W Pop/gy mplanta

conventional anplifiers respectively. Colu 1510_shows th
prelinin ar‘&“d werraPable wireless sens%rs éor blomedlcal appm:]atlons) For exampf S:\e amplifier

15 300 can be applied to a full transceiver for MedRadio regulatiog compliant implant and
wearable sensor applications where sufficient gain and noise performances are required
and ultra-low-power consumption for prolonged battery life is provided. The amplifier
300 can be used in a low-voltage sub-mW transceiver for biomedical applications where
the amplifier 300 is a key building block in the receiver part.

20 [00112] TFigure 16 shows a block diagram of a receiver RF front-end 1800. The
receiver RF front-end 1800 includes an amplifier 1802 (e.g. low noise amplifier (LNA)).
The amplifier 1802 may correspond to the amplifier 300 described above. The receiver

RF front-end 1800 also includes a transconductor 1804, an in-phase/quadrature (1/Q)



27 measurements of the anplifier 300 with 500 i npedance mat chi ng.

Col um 1512 shows the simulation results of the anplifier 300 with
hi gh | npedgoeeiinmadsasi ng (non-500 matching). (00107] W taeTaeB011/000192

i npedance matching, the anplifier 300 has a gain of 20.2 dB, a 5

noi se figure of 2.9 dB, an 11 P3 of-8.1 dBm a power consunption of
150 1. M at 1-V and a figure of nmerit %& O M) of 20. Wth high

i npedance mat ching, the anplifier 300 has a gain of 22 dB, a noise
figure of gyfaddRiveattixdrlid8, Phirst RudRBdiad ﬁ%gﬂ\é‘ky ¢ SR 1308a 2fd al&eomN

at 1-V and a figure of nerit (F.O M) In conparison with the

four Convefﬁﬁu@ﬂﬁhsmp&ddfa ﬁwosstagtefb%smol,fphs‘s@ éﬁpﬁubid witR ] firfyayed

performance wth 500 10 | npedance matching and h i npedance

et ching. [9485, Ehgiifn ainQVﬁle@ecgmmF AB00nl 1Ot 3h 1914,

sinmul ation resu fier 300 wth high |npe ance passive

t Kk 0 R 1
of the anpttiRl; TRoEAuagIss %8{5;: Kol le pR A chilial 6 o U S (6D
[ t t i
} Pﬁauenb‘éy”f\%f’h?éﬁsﬁ%%é% {1202l e “@%'kﬁﬁm"%?“a' imogtn o
300 plotted a&%lduc%r laSB it éegm\%%ll Cﬁ.' ofttl{y%:ra%m?)ln cltoq'r18§4p g c%eélpq

non-500 et &R Ing 1s 'S |nprove as conp

QEdOfZ.:QhSh légtﬁ? 9&%”)3“ bOfHE*}" 416 o S F%lgfg&?eg)
NF 3 O 2

be Larri ed it AHEPh e i awé?ﬁsc&g e%@tct%a@%ie{égﬁ‘ﬂé@ﬁﬁ?i%@ et
V2 <Fve il af“%oﬁ?@g@?fﬁiﬁ%“ D RO O30 SN D PR (maepLod of e

st mul a{OEd ﬁrlthﬁ’ nyfec:'f lStOQa resggctwely A third output terminal 1836 and a fourth output

terminal 1838 of the I/Q folded mixer 1806 are coupled to a first input terminal 1840 and
a second imput terminal 1842 of the second IF buffer 1808b respectively. The first IF
buffer 1808a has a first output terminal 1844 and a second output terminal 1846 for
transmitting in-phase signals. The second IF buffer 1808b has a first output terminal 1848
15 and a second output terminal 1850 for transmitting quadrature signa]s. The PPF 1810 has
a first input terminal 1852 and a second input terminal 1854 for receiving I/Q local
oscillator (LLO) signal from an external LO source (not shown). A first output terminal
1856 and a second output terminal 1858 of the PPF 1810 are coupled to a first input
terminal 1860 and a second input terminal 1862 of the first buffer 1812a respectively. A
20  third output terminal 1864 and a fourth output tenninaj 1866 of the PPF 1810 are coupled
to a first input terminal 1868 and a second input terminal 1870 of the second buffer
1812b respectively. A first output terminal 1872 and a second output terminal 1874 of the

first buffer 1812a are coupled to a third input terminal 1876 and a fourth input terminal



28 S-paraneter nmethod where serial network is transformed to parallel
networ k and conventional S-paraneter simulation is used. The NF of

t he anpl i fwenoiiQ@d4abt ai ned fromthe S-paraneter nethod rcasst2o6hodBR
100110] The anplifier 300 has a current reuse topol ogy and requires
no additional 5 power or conplexity régui red. Inprovenent of noise
and linearity performance can be achi éved w t hout increase in power
consunption. Power consunption can be reduced by nore than 50%

Appl i cat i ofg7@fof FRMIGEHNAR 324 ROGHRY ckfivehR tal £i8t duput REmAAPI 98D Iafd a 328nd O
fiirther reduce the power consunption for applications where 500

i nput Bt cRigng Rk Qks P HRMETAbuAREYSI2bNE! E5ipled ol iRARRRAR R inal

mat ching can still result in further 10 reduction in power
CONSUTDt | Ofksdand Bx@lThls o iBs cPIRIPLINARH SaoMHARRMS can be
used in thggggr?ﬁ(??ﬁxer dctlon?glra ﬂél%gr?er in ggrati oen. 00111] e
anplifier anpheann : | Mgk 1888 Wanfa SOUERRY 1885
front- end@ggls‘ﬁa oe\?v- noi Asgg%ggrsﬁ‘fe?é |1{ép?'glﬁnﬁ§:|&f?erent aappfl cations g.ag.

ltra-| i d i .
bi ormadi L oy bt} A3b AR Bed REurVe ARG MdeahOR rTPURRN Jishlion fom
applied to,a _fu

X . ¢ : |t .
oPDLL o0 {08 by E6ARTEE P S EATRG R, A0, A IR SRR 05
! ¢ . ) oy
noL e D SUTRBOR Ao S, BB B LCARONAONEL CSRIMIRLLeS
I | t b- i . for. Di i l,i cati
Lo ol g L SRS ol el BTSSP B Ob B D
00112] Fi 16 sh bl ock dj. f i RE. t-end
800, he e dresr Bped e AGRRRL Ptk SRS ATrrer Bl PRALSRR: |
I i ifi LNA)). The. lifi 1802 dtoth
oo 11157 B8 GhlaRrd f54 Biish SR HRGSE G SRR KRG 2 000 a1 S0
i ncl ud 1 1804, i n- ph / dr. 1/ 29
fof ded acODLRYT B8, » GomienEm e STRARY T4 UF BUASIC) SPARLY Gt
1808 d d | F buyff 1808b, t Wo- St i lL.yph
1 or - ( PPREITTES Gt fp 2l e black (g ampea A0S aromatian o s G il >
1812b. The r. i, t-end 1800 h t 4 10011
T anvaee i aoBh B R SRR B T Y R B
ifi 1802. 5 A t inal 1818 of lifi 1802 i

ol cd t et 1Baareng ariobi an ol Ao horep e ik ratlieey 00 pegerdfess of
output term nal 1822 of the transconductor 1804 is coupled to a first
i nput  ter ritpgess: ¥ebageqtnd tsrng%@adeVﬁbmmferake-%a%v%@ 3 gmplpysd up
fol ded m xer_ 1806. A first_ output term nal lBdegnd a_s&Fond ouggg}

ternmi nal 11@3be mixer 4809 jocnininige thefuizent coppgPPR 2R iRAVel the use pf 2

input termnal 1832 and _a second input term nal 1834 of_ the )
balun at the recetver input. To minimize power in each of the blocks, low-power design

techniques such as current-reuse and weak inversion biasing are utilized with a 1-V
supply voltage through the receiver chain (e.g. receiver RF front-end 1800).

20 [00116] The antenna 1814 of the receiver RF front-end 1800 has a RF input band of
401-406 MHz. However, the narrow 100 kHz channel bandwidth of the 401-402 MHz
and 405-406 MHz wing bands in MedRadio may severely be corrupted by the flicker

noise and DC offset at baseband. Therefore, the RF input band of 401-406 MHz is



10 first IF buffer 1808a respectively. Athird output term nal 1836
and a fourth output termnal 1838 of the I/Q folded m xer 1806 are
coupl ed t owe 2biwigts2é nput term nal 1840 and a second i nputr/dceoiooabz2
1842 of the second |IF buffer 1808b respectively. The first IF buffer
1808a has a first output term nal 184§]and a second out put term nal
1846 for transm tting in-phase signals. The second IF buffer 1808b
has a first output termnal 1848 15 and a second output term nal 1850

for transnddchsheAb@ e AloW. B 6F W0 XS THISORRE: (F84 Qelbasd & 4 édusgrohRe Ul

term nal 1852 and a second input termnal 1854 for receiving I/Q

| ocal osci hliat & atdi®)th$ 19N Abisé TR RNhESLBE Nithe Lt SAN TR (HRlred POWE -
A first output termnal 1856 and a second output term nal 1858 of the

PPF 1810 : ' ' ' d d
nput ¢ or s BRSF e IF Plobis G, A bulie! (H0RRind ERAAR e 1800

PP 5o HOULER, PTG EPA60d RELRALE IR0 Melibab it md 80, Sl
 nput ter Ml 4P 19 Plnsd ABuctE SR04 otk Shviedide Bart SPREGKUCIRS 161 deheEr!
& 2 ana na of t

output termn nd a second output ter e first

P o PR YBUETL A PP 10 M0, 008 A
! SR SR OSETES t BAT
i i i 1886 i i 80 i .
o5l "L 08 0 R AR 0 B
18l 5 1 i) i
e 2 Ao R SRR R L PR R S 15
h Th I Rl Cl d 1/ R2C2 d 410
ot T O o e FReL 720 PLEE e BP0  o,

power consunption, .the LO buffer (e. i ncluding.first fer a
and secona“’gglfs‘? Io 2 fiss yphageX e‘ﬁ’éceéig?uﬁg? &%&E%‘a “i"%{f’@l E%lp %"eﬁm PS
differentigl anplifjer where.a |ar. iLfferential swn can be

bt ai ned {025 i<peled o dr sering AR JO! 68 tokHet gosptest Aghp € Bostive
operation. [QO | p.addition, nst ant.- gm bias _circujtry be
Phel nded temaunale abed G srdten iR el 1 BRhminbl BP R R
anplifier 1802, transconductor 4, VQ act|ve m xe 086,
first |F OePfiey19Papand a %ﬂé%@ﬁam?légg%?ﬁ 'g? NE%%E?%B@% il Fﬁﬁ.ﬂ? &e
buffer 1812a and second buffer 1812 of the receiver RF front-end
1800 rEyar RO 9% 15reppleddo aw’e%@}m%m&% @ﬁﬁl@ gt Wém(rrb?ﬁé}’ a drain
vari ations. Sinqle-ended pat hs are_enpl.qyed up to thg m xer 1806 to
mini m ze tEEUBYAPEHT e ARt [PEhH 2ad 8 PEHUYR Sraneln @26 of thsrsecpnd Gapagitor
balun at the receiver input. To mnimze power in each of the bl ocks,
| ow power HO8b-hsqugreripiminal 492 pfjheIMOR 1987 ds qoupled to,grgudetdfl Hhrdpigeion
biasing are utilized with a_1-V supply vol tage_through the receiver
chain (e. g'80pdapp fust imutipgiinal dAZ0 quplpd to she pEgivessmE 1948 ehihs frst 4
of the receiver RF front-end 1800 has a RF input band of 401-406 MHz.
However, tdspaciar I ¥ifa.1tbe fikgtseratgh hUO afabrififstirenistor 190fe and thesgppe topminalnd
405- 406 MHz wi ng bands in MedRadi o ggzéseverely be corrupted by the

f11 ckez0 nol928 of e BUIQS 1901 The miees dB0also Wi biko veltage Hemmeermingld%Hand

of 401-406 MHz is 31
coupled between the gate terminal 1916 of the first PMOS 1902a and the negative

-

terminal 1917 of the first capacitor 1908a.



downconverted to a lowIF of 500 kHz. The 500 kHz IF is selected as a
conprom se in order to avoid thenoise and at the same tine mnimze

t he requi red 2pamwess2consunpti on of the IF blocks (e.g. frctgic2ofobuibs er
1808a and second I F buffer 1808b). [00117] The m xer 1806 is used to
all eviate the headroom i ssue and have3 eparate 5 biasing for the
transconductor 1804 and the sw tching Zart of the m xer 1806 for
better optimzation. Figure 17 shows a schematic diagram of the

fol ded act jgog18]1 X¢he 20 Germlil® 192& F 1S AR oNPPMEY 9020 ShPRE M Shfs(
(PMOS) 1902a-g, one n-channel MOSFET (NMOS) 1904, ten resistors

1906a-], elpyfmn aParht Meindr@Sar foo8hd %&&Hﬁhﬁ&lhﬁ@b‘f‘tﬁ@ségﬂ@mlﬁm

source term naI 1912 of the first PMOS 1902a, a source termnal 1913

of the 10 %@gﬂ?o tef a1619§9i>'(tﬁ§setv@£t PRAYS i‘éﬁg a‘r)éosftﬁ@te%‘ﬁ}ﬁ%ﬁth

PMOS 19029 are cou st voltage re rence poi 1915

gate ter m % o%%;eqaﬂé F:};Jaatofr 1664 E%te}%@éﬁl%} OQ‘WJuggmts%uﬂeriggfgﬂ 918

term nal I'r st capa(’:|tor ositive termn

Che f1rb r?‘%‘&ﬁ%@""i@%‘ ity QY B2 T %%“%8* sl DRgatanl
drain ter m o cl.ltol?%ﬁ ?uf'ld {hh%‘ec%éd ﬁ:iltal %f&%%z ent§o euﬁilﬁd tr%w&tge ond

term nal II’St I’eSIS ra|n erm na

t he NMOS 1904 (%md a g]%lt Ve term %&,@2‘@ fsewn%ﬁﬁ&sggo 53 acgllltlé)({

1908b. A souPIed P h 471's coup und
1901. Th 1806 ha t t 1926 t.h
posi 11 ve t B I 1S ﬂ?ﬁ ETR Rt BB rne EHErf e

t erm nal first r SISt 9 term nal 20
1520 of th@“‘ﬁll@g@%g@&c < ek it 4 ARe4o wﬂgﬁgﬁég@?%ﬁf’&f@%tm&
termn n e gate, ter f

OO 10b2aT A6t DR EOTIMTS NP i siires imng O et e pad PMOS ap 4y

| 908a. The gate I second PMOS 1902b is
coupl ed toloh%(f%& 83 I3 1%9 ’g?h t‘ﬁ’égg)é’géﬁldg 2é’siss"t"ﬂi? ed dp gpnesptive
second term nal 0 f t he secon |sto 1906b i to.,

gat e termtﬁ’éﬂmﬂg‘ﬁg ﬂ%’“géﬁ@ﬁ’t‘?fllg a“fjgbé‘@ 't‘!s@f‘&)g&?g’r‘?ﬁrﬁ%’fmr
1932 of the third capacit 8 fi r.m na 1933 of, the
current solO8E A BADteHRIHaL 547 H'Fg'g‘F w@#&r‘ﬁ%w@ acw ediiR a SERRUNE IBHRls
1902g. The, neg termnal 1935 o e third c 1908¢c_and
he. Second!HERits St org oy 90Roardn watHemuet 1280 5o oy reskiss oot d
coupl ed to ground 1901. The drain termnal 1937 of the secaond PMOS
1902b 1% cwendderminal 193befthe thirdiresistor060 i§ sgunled @w&e%@dﬁa‘%ﬂéﬁg& #or
1908b, a source termnal 1940 of the third PMOS 1902c, a sourc
terninal 198 fough restiorrlg0fd A denimeprmingb 195201 s hisd PMOSH903¢ ispoupleghs 2of
the fifth PMOS 1902e, and a source termnal 1943 of the sixth PMOS
1902f . [ OoReEive ferginab 1958 afitheatixth sappckier 1OREE andi & Brsmenald§s4 of de fifih
coupled to a neﬁ;atl ve term nal 1945 of the fourth capacitor 1908d and
a first teretaal906944 nseativgdenmngl d 952 of heotixth papreitornl YIE és equpipd fa|a
1947 of the fourth PMOS 1902d is coupled to a negative term nal 1948
of the fi fscponsdprannal dP561efubelifihgesistor i1PeGe. Ty prgative tergnoal dP5% pkthe sty h
resistor 1906d. A 15 second term nal 1950 of the third resistor 1906c
i s couffl edcaperiigr 48085 rrard tseeanid rigimind 5iP56 fof tthe fifth Lresision X166 tage cagdsldto A
drain termnal 1952 of the third PMOS 1902c is coupled to a positive
ter mi nal 188®dof90d hiy dedi tebminalp 57 tof the1foa@t PhiS EP0Rd isstoupled o aabsith@s54
of the fifth resistor 1906e. A negative term nal 1955 of the sixth
capaci t or t&eigdl 1958 oduhe ecvetth @psmiond808&geandi ndirst 1@H6nadf196h @l fthéd sinth
resi stor 1906e. The negative term nal 1955 of the sixth 20 capacitor
1908f and esistoniPUGE rAnemtive @b6inalf 1960 ef fhief sebenttesipaditor 19@8p6e canpded to a

coupled to ground 1901. A drain termnal 1957 of the fourth PMOS
1902d is coupled to a positive termnal 1958 of the seventh capacitor




33 second term nal 1961 of the sixth resistor 1906f. The negative
term nal 1960 of the seventh capacitor 1908g and the second term nal
1961 of thwoswxirhRnesi stor 1906f are coupl ed to ground Pa®ico{1000180]
The m xer 1806 includes a second input termnal 1962 coupled to a
positive 5 term nal 1963 of the fourtt} capacitor 1908d, and a third
input termnal 1964 coupled to a positi3ve term nal 1965 of the fifth
capacitor 1908e. The m xer 1806 includes a first output termnal 1966

coupl ed bejasaNtehRal] F1Nof @E xR kesk? 29061, tihe deBitivd (BRI LGB Oransg a
coupling point 1967. The m xer 1806 includes a second output term nal

1968 coupl ghehRicheRor Yd8g raﬁd fhel QESHINRIMiANOI06@ 1 of e sikHiFekibioP YolH1 190 2d
and a coupling point 1969. A 10 bias voltage VI, is applied between

t he second; remt(p uPfof the third resistor 1906¢ and the second
term nal 195 he fourth resistor 1906d. [00121] A gate term nal

1970 of th th [ N |
of the ei g@tﬂ #(ﬁapgﬁ)%&?%%b]gd%oﬂ& %‘?ﬁs‘%ﬂ?g&rﬂnﬁﬁglw%‘%&fﬁe@t@% poéﬁ@el

sevent e 1 egh 56011069 8P e f&{@actagach&r 1@09&‘ glﬁxﬁh%&tm h GimaX § 664 %{I[;@eé'%ozgf

is coupled to a negative rm nal n capa

1908i and vf:%%@}]u%[ f@e@%km%%ﬁ c9§aﬁ}t&el9ﬁke9 %Q@g@g%&h‘:ﬂ&%ffﬁs@u@m

second ter e seven resistor 1S COUp e

dt f
5 T RS i et
f the tenth L4 1908] .
ol ot TR ! PN LB LAk R 88 ot
1908;j f t I
19061 . Theiee ﬁ% e e kT B res'&@-t@égn-a*
th t 1982 th th 1
ar oundt o0 HFaYA \ FPPhaT Tt stopEEEig 1B ShEs F A 0T o
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Cent h r os: EBPal1 56,5t e <aBioeis o 4085 il ot Paisb 3 ohhe Shrsedy
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15  terminal 1974 of the ninth capacitor 1908i and a first terminal 1975 of the eighth resistor

1906h. A second terminal 1976 of the seventh resistor 1906g is coupled to a second
terminal 1977 of the eighth resistor 1906h. A drain terminal 1978 of the fifth PMOS
1902e is coupled to a positive terminal 1979 of the tenth capacitor 1908j and a first
terminal 1980 of the ninth resistor 1906i. A negative terminal 1981 of the tenth capacitor
20  1908j is coupled to a second terminal 1982 of the ninth resistor 1906i. The negative
terminal 1981 of the tenth capacitor 1908 and the second terminal 1982 of the ninth
resistor 1906i are coupled to ground 1901. A drain terminal 1983 of the sixth PMOS

1902f is coupled to a positive terminal 1984 of the eleventh capacitor 1908k and a first



term nal 1989 of the eighth capacitor 1908h, and a fifth input

term nal 1990 coupled to a positive termnal 1991 of the ninth

capaci t or weQ8il/14dbhe m xer 1806 includes a third out putpcresGrnnabo1dNo?2
coupl ed between the drain termnal 1978 of the fifth PMOS 1902e and a“’
coupling point 1993. The m xer 1806 iﬁ]ﬁl udes a fourth output term nal
1994 10 coupl ed between the drain termnal 1983 of the sixth PMOS
1902f and a coupling point 1995. A bias voltage VI, is applied

bet ween t hgSRe0MEst & i et *&Tforofook ey SEMARE Rerfrfial 9096 of IO Blednth
the second termnal 1977 of the eighth resistor 1906h. 1001231

Referring bagkiol 906dkIY Bupiéd td HSechhd® RIAHAN YO 705 h8Qéhill FesiRidr 200650k ed
current reusSe inverter type where the biasing for the transistor M

(e.g. fi rSﬁeﬁﬁ’ﬁe&ﬁ%qbs@&ﬂmééle@éﬁnéapgaf& 1968k 4nf 16t sebWdSerkdAg)1087 6

separated | er to support |ow supply voltage and reduce its

sensiti Vivt[%e5@8%{“3‘%093{%Q@P%eﬁéé??%ﬁ%@j | current source Ms (e.g.

second P : IS use Q mxer 1806 in order to mnimze
. ¢ b . t . , o

T ooy BRLEA" Aol e SRR R 898 L g

fil [ .0 ] - 00

can be 1 aoFtRhlager SRR i bl IF otk flerilngl IR RRREL R

M T e s e e

shown in rea o he cor

L
"ol e ol 66§ BELeE s?ﬁ%?glﬁe ) g‘? Inclifed =, Sl 085?’39&:' 1o

nput 1%t Ui RABEnGET R B [ RBRaC R oEiner O P MERR FARYFH A Sl B
extornal  LEPS: Sl st Y515 8P Ry beuren ik e eaplael 195ctE 5 Govdifous
L S o
therocrs oAl oy SsiBing Bock Briests 1 Bk ProRRSEIo ARh s et ot
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graph 2200 that |ess than 5.5 dB of douhl e-si deband (DSB) NF is
obt ai nkY  afansistor Mude-esi Q-0 bars sqpagatedip oxder ‘?E?FHP"H‘BS"BF“ velfagy gl

ai n. .. ) )
d reduce its sensitivity to PVT variations. A single tail current source Mp; (e.g. second

O

PMOS 1902b) is used in the I/Q mixer 1806 in order to minimize mismatch between the
two mixer paths. The mixer 1806 is a single-balanced active mixer with parallel RC load
for low-pass filtering in the baseband.

20 [00124] The receiver RF front-end 1800 can be fabricated in one-poly six-metal (1P
6M) 0.18-um CMOS process. The chip microphotograph 2000 of the receiver RF front-
end 1800 is shown in Figure 18. The total chip area of the core 2002 (e.g. including the

amplifier 1802, the I/Q mixer 1806, the first IF buffer 1808a, the second IF buffer 1808b,



[00127] Figure 21 shows a graph 2300 of third order input intercept
point (I1P3) linearity neasurenent where two-tones at 402 and 402.1
MHz ar e apwbized/tim2¢ he i nput of 15 the receiver. Plot IRGABRIAWS0192
out put power plotted against input power for a fundanental signal.
Pl ot 2304 shows output power plotted qgainst | nput power for a

t hird-order product of the fundanmental“signal. A fitted |line 2306 for
plot 2302 is drawn and a fitted line 2308 for plot 2304 is drawn. It

can be obsge\peg ifghOWidNhe RLEhSRGLISPT A MRt se3d® bofer! 312)330G mAe All ne
2308 that a -25 dBmof 11 P3 is neasured for the RF receiver

front - end. ;20 ioRd 2RLurdsidib BRCHZS RIS cifcut @ kiR &68%a550W ng t he
B

measured results of four convention receivers (see references [6]

R van Langpyﬂ]deﬂgme 10PBowh 3 3kdpk 100 B méARrEBhverdibn g4t T fnputretum’
Moss, and A.J. 'Davie, "An ultra-|ow power 868/ 915 MHz" RF transceiver

L !, GO S o T b

K‘é'mf povir FaFsS ARt PR Tt exmal Lo EWE@%‘? DI el Pt o
L | 2. 4 | I e . ' " . sn@f
Sol Vo St at 4% 80 Pl coblghii bagn boloPRE LA iRy ARl sz

Feng, G Tﬁ%? Mashoés input return loss (S11) plotted against RF input frequency at an IF of

500 kHz. It can be observed from plot 2102 that there is a conversion gain of 28.7 dB.
[00126] Figure 20 shows a graph 2200 of noise figure (NF) measurement plotted
10  against output frequency of the receiver front-end. It can be observed from the graph
2200 that less than 5.5 dB of double-sideband (DSB) NF is obtained at an IF of 500 kHz
to 2 MHz and at 28.7 dB of conversion gain.
[00127] Figure 21 shows a graph 2300 of third order input intercept point (IIP3)
linearity measurement where two-tones at 402 and 402.1 MHz are applied to the input of
15  the receiver. Plot 2302 shows output power plotted against input power for a fundamental
signal. Plot 2304 shows output power plotted against input power for a third-order
product of the fundamental signal. A fitted line 2306 for plot 2302 is drawn and a fitted
line 2308 for plot 2304 is drawn. It can be observed from an intersection point 2310 of
line 2306 and line 2308 that a -25 dBm of 1IP3 is measured for the RF receiver front-end.
20 [00128} Figure 22 shows a table 2400 showing the measured results of four
conventional receivers (see references [6] R. van Langevelde, M. van Elzakker, D. van
Goor, H. Termeer, J. Moss, and A.J. Davie, “An ultra-low-power 868/915 MHz RF

transceiver for wireless sensor network applications,” in Proc. IEEE RF Integ. Circuits



5 Kawaguchi, and P. Kinget, "Design of a high performance 2-Giz
direct-conversion front-end with a single-ended RF input in 0.13um
CMOS, " | EBRoab118ed4el- State Circuits, vol.44, no.5, pp. PAB2038600100vRy
2009, and [9] M Canus, B. Butaye, L. Garcia, M Sie, B. Pellat, and
T. Parra, "A 5.4nW0.07m2 2.4 G frégt-end receiver in 90 nm CMOS
for | EEE 802. 15. 4 WPAN standard,"” |IEEE of Solid-State Crcuits,
vol . 43, no.6, 10 pp. 1372-1383, June 2008) and the receiver RF
front-end &340.2000) ppmi$3-27H) B7]IRIG 2A$mAia0R! MaRhdPRASMEY,S! Ohekbdrsy, of-Ht he
four conventional receivers respectively. Colum 2410 shows the
nmeasur ed rggdilahd 5OLaskhre “AcleRipster Rifty! thorMlintd ubtiBeold 0RO ¥R Ever with
consunption for the total receiver front-end 1800 including the
anpl i fier ﬂa&%?atedtlf@%éfé%féli%r%al &R0 birelbb P AMO4BHLCAEOS” 1BRE L Pulishls
1812a, 1812b is 490AW (0.49mN at 1-V supply 15 voltage. in
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1804, 1/Q mixer 1804, and LO buffers 1812a, 1812b is 490pW (0.49mW) at 1-V supply
15  voltage. In comparison with the results of the four conventional receivers, the receiver
front-end 1800 shows favorable performance.
[00129] In one embodiment, the receiver RF front-end 1800 may be a low-voltage
ultra-low-power 401-406 MHz MedRadio receiver RF front-end targeted for wearable
sensor applications. The receiver RF front-end 1800 may be an ultra-low-power 401-406
20 MHz Medical Device Radiocommunication Service (MedRadio) receiver RF front-end
for biomedical telemetry applications implemented using 0.18-um CMOS technology
with a 1-V supply voltage. The receiver RF front-end 1800 employs the amplifier 300

(e.g. complementary cumrent-reuse low-noise amplifier (CCRLNA)) which shows
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skilled in the art that various changes in form and detail may be made therein without
departing from the spirit and scope of the invention as defined by the appended claims.
The scope of the invention is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency of the claims are therefore

15 intended to be embraced.
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20wherein the first depletion capacitor conprises a positive term nal
and a negative termnal, wherein the positive termnal of the first
depl eti on W& 10 i s coupled to the gate termi nal of RAHEGIQP0192
transi stor and the negative termnal of the first depletion capacitor
is coupled to the source termnal of the first transistor. 40 4. The
anplifier of any one of clainms 1 to 3, further conprising a
second depl etion capacitor coupled between the gate term nal and the
source terfAMSof the second transistor. 5 5. The anplifier of claim
4, wherein the second depl eti on capacitor conprises a positive
termnal and a negative term nal, wherein the positive term nal of
the second depl etion capacitor is coupled to the gate term nal of the
second tr aW&pigs eleimadds:t he negative terminal of the 10second depl etion
capacitor is coupled to the source termnal of the second transistor.
6. The anplifier of any one of clains 1 to 5, further conprising
a first resistor coupled between the drain termnal of the first
transi st orl.and /4o dmpliter,voinpageg:r ef erence point. 7. The anplifier of
cl aim 6, wherein the first resistor conprises a first term nal
and-a second t eminpuaterminhlerein the first termnal of the first
resistor is coupled to the drain termnal of the first transistor and
t he second term fiazt tahsiftbreof arfikt cagligivity and < Gedohé dransistoh ef fai §e8dnd
vol t age reference point.

conductivity, each transistor comprising a source terminal, a gate terminal and a drain

terminal respectively, the source terminal of the first transistor being coupled to the

10  source terminal of the second transistor, and the gate terminal of the first transistor and
the gate terminal of the second transistor being coupled to the input terminal; and

an output terminal coupled to the drain terminal of the first transistor and the drain

terminal of the second transistor.

15 2. The amplifier of claim 1,
further comprising a first depletion capacitor coupled between the gate terminal

and the source terminal of the first transistor.

3. The amplifier of claim 2,

20 wherein the first depletion capacitor comprises a positive terminal and a negative
terminal, wherein the positive terminal of the first depletion capacitor is coupled to the
gate terminal of the first transistor and the negative terminal of the first depletion

capacitor is coupled to the source terminal of the first transistor.



8. The anplifier of any one of clainms 1 to 7, further conprising
a second resistor coupled between the drain termnal of the second
transi st orWaRH 1444 ond vol tage reference point. 41 9PCTHS28IA{901193 er
of claim 8, wherein the second resistor conprises a first
termnal and a second termnal, whereiyp the first termnal of the
second resistor is coupled to the drain termnal of the 5 second
transi stor and the second term nal of the second resistor is coupled
to the second voltage reference point. 10. The anplifier of any one
of clainms Ito 9, further conprising a first output

capaci t or £oupld amplifieref anyhmedf alaimst letwordi, nal of 10t he first
transistor and the output termnal. 11. The anplifier of claim 10,
wherei n t he fi rfathes udopiptisiogpacedond depigtion sepacitop asuled/ betveseni thal gagend
a negative termnal, wherein the positive termnal of the first

out put capegiihdlfand the Geuied ehhnihal of te sebond fradsitar mi nal of the first
transistor and the first termnal of the fast resistor and the
negatiwe termnal of the first output capacitor is coupled to the
output termnal. 12. The anplifier of any one of clains 1 to 11,

5. The amplifier of claim 4,

wherein the second depletion capacitor comprises a positive terminal and a
negative terminal, wherein the positive terminal of the second depletion capacitor is
coupled to the gate terminal of the second transistor and the negative terminal of the

10  second depletion capacitor is coupled to the source terminal of the second transistor.

6. The amplifier of any one of claims 1 to 5,
further comprising a first resistor coupled between the drain terminal of the first

transistor and a first voltage reference point.

15
7. The amplifier of claim 6,
wherein the first resistor comprises a first terminal and a second terminal, wherein
the first terminal of the first resistor is coupled to the drain terminal of the first transistor
and the second terminal of the first resistor is coupled to the first voltage reference point.
20

8. The amplifier of any one of claims 1 to 7,
further comprising a second resistor coupled between the drain terminal of the

second transistor and a second voltage reference point.



further conprising a second out put capacitor coupl ed between the
drain termnal 20 of the second transistor and the output termnal.
13. The anpPPfidp®ét claim 12, 42 wher ei n t he s&&BPE2HdOMIP2
capacitor conprises a positive termnal and a negative term nal,
wherein the positive term nal of the gecond output capacitor is
coupled to the drain termnal of the second transistor and the first
termnal of the second resistor and the negative termnal of the
second out put capacitor is coupled to the output termnal. 5 14. The
anplifier of any one of clainms 5 to 13, further conprising: a gate

i nduct or Gonpr iTde agplifidriof laim &r i nal and a second terminal; a first
gate capacitor conprising a positive termnal and a negative
termnal ; a secdnctingthecsecandarssistor cooprpes sifirgt @npioali aridva steonditeradinadnd
a negative termnal; 10 wherein the first termnal of the gate

i nduct or ivehecopu fHeefttstt tormihd afrtheisecomt resistat js cvnpled e ttealrgin dertrdnalriofidle of
the gate inductor is coupled to the positive termnal of the first
gat e capacedond tandstorend plxssetondeteineinal afi tHe sedontl resiss@rdo bahiplpdtte the second
capaci tor; wherein the negative terminal of the first gate
capaci t or viohagzQtfetenct pointt he gate termnal of the first transistor and
the positive termnal of the first depletion capacitor; 15 wherein
the negative termnal of the second gate capacitor is coupled to the
gate term nal of the second transistor and the positive termnal of
t he secondgdepiTaé k@plified pPiytode of dams Theoanpl i fier of any one of
clainms 5 to 14, further conpri sing:

further comprising a first output capacitor coupled between the drain terminal of

10 the first transistor and the output terminal.

11.  The amplifier of claim 10,
wherein the first output capacitor comprises a positive terminal and a negative
terminal, wherein the positive terminal of the first output capacitor is coupled to the drain
15  terminal of the first transistor and the first terminal of the first rF:sistor and the negative

terminal of the first output capacitor is coupled to the output terminal.
12.  The amplifier of any one of claims 1 to 11,
further comprising a second output capacitor coupled between the drain terminal

20  of the second transistor and the output terminal.

13.  The amplifier of claim 12,



20a source inductor conprising a first termnal and a second
termnal; a source capacitor conprising a positive termnal and a

negative tWPHH4426 wherein the first termnal of tR{&/ 530100192
i nductor is coupled to the source termnal of the first transistor,
the negative termnal of the first deptetion capacitor, the source
43 term nal of the second transistor and the negative term nal of the
second depl etion capacitor, wherein the second termnal of the
sour ce i nduct orwhersint g 5¢ecoad peipetirapasien ompaisescpasiiiye teyminahandspuggeiive
capacitor; Swherein the negative termnal of the source capacitor is
coupl ed t cemtivalgwherei thopasitiye terafinat ehthe spevnd toutpus capdeitor asrpdupleddp thef
any one of claims 1 to 15, further conprising a first bias
vol t age i njsaip termingl ofthe sedamt wabsisior grdahe Gt wnhinalodf theistesl residtorzagd theo
the gate terminal of the first transistor. 17. The anplifier of claim
16, negite ¢érminahef the sesondojugsit vaphtitng & dongpled tof the oatpratiterirsnapr ovi ded
bet ween the negative termnal of the first gate capacitor and the
positive termnal of the first depletion
14.  The amplifier of any one of claims 5 to 13, further comprising;

a gate inductor comprising a first terminal and a second terminal;

a first gate capacitor comprising a positive terminal and a negative terminal;

a second gate capacitor comprising a positive terminal and a negative terminal;

10 wherein the first terminal of the gate inductor is coupled to the input terminal, and
the second terminal of the gate inductor is coupled to the positive terminal of the first
gate capacitor and the positive terminal of the second gate capacitor;

wherein the negative terminal of the first gate capacitor is coupled to the gate
terminal of the first transistor and the positive terminal of the first depletion capacitor;

15 wherein the negative terminal of the second gate capacitor is coupled to the gate

terminal of the second transistor and the positive terminal of the second depletion

capacifor.

15.  The amplifier of any one of claims 5 to 14, further comprising:
20 a source inductor comprising a first terminal and a second terminal;
a source capacitor comprising a positive terminal and a negative terminal;
wherein the first terminal of the source inductor is coupled to the source terminal

of the first transistor, the negative terminal of the first depletion capacitor, the source



15capacitor. 18. The anplifier of any one of clains 1 to 17,
further conprising a second bias voltage input term nal adapted to
provi de a ¥8BHHH?4s voltage to the gate terninal of tR{d/S@H{80192
transistor. 20 19. The anplifier of claim18, 44 wherein the
second bias voltage input term nal is4provided between the negative
term nal of the second gate capacitor and the positive term nal of
the second depletion capacitor. 5 20.The anplifier of any one of
clains 1 ti§rmigal of the sgpendetransisioe apfl itBe negasing jterminal ©fthe isewond fepletion
n-channel metal - oxi de-sem conductor field-effect transistor. 21. The
anmplifier @pacdi®y one of clains 1 to 20, 10wherein the second
transi stor conprises a p-channel netal -oxi de-sem conduct or .
field-effect trvhesisthyr secoml tehwalapipthefsowrce afidugtey inpmipd tol the pesiBve o
21,
terminal of the source capacitor;
5 wherein the negative terminal of the source capacitor is coupled to the second

voltage reference point.

16.  The amplifier of any one of claims 1 to 15,
further comprising a first bias voltage input terminal adapted to provide a first

10  bias voltage to the gate terminal of the first transistor.

17.  The amplifier of claim 16,
wherein the first bias voltage input terminal is provided between the negative
terminal of the first gate capacitor and the positive terminal of the first depletion

15  capacitor.

18.  The amplifier of any one of claims 1 to 17,
further comprising a second bias voltage input terminal adapted to provide a
second bias voltage to the gate terminal of the second transistor.
20

19.  The amplifier of claim 18,



wherein the second voltage reference point is ground. 15 23. A
transcei ver conprising an anplifier of any one of clains 1 to 22. 24.

An anpl i fi¥P2HGAHRE si ng: an i nput terninal FISFOPEYR

t er m nal

wherein the input termnal and the 20 output termi nal are

si ngl e-ended with equal phases for a qLQnal; and a core configured to
operate as a differential node.

10

15

20

wherein the second bias voltage input terminal is provided between the negative
terminal of the second gate capacitor and the positive terminal of the second depletion

capacitor.

20.  The amplifier of any one of claims 1 to 19,
wherein the first transistor comprises a n-channel metal-oxide-semiconductor

field-effect transistor.

21.  The amplifier of any one of claims 1 to 20,
wherein the second transistor comprises a p-channel metal-oxide-semiconductor

field-effect transistor.

22.  The amplifier of any one of claims 8 to 21,

wherein the second voltage reference point is ground.

23. A transceiver comprising an amplifier of any one of claims 1 to 22,

24.  An amplifier, comprising:
an input terminal and an output terminal, wherein the input terminal and the
output terminal are single-ended with equal phases for a signal; and

a core configured to operate as a differential mode.



